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from N,(B). The major impediment to production of large number densities of N,(A,B) using
this system is the rapid quenching of N,(A) by atomic hydrogen.

Energy transfer reactions from Nz(A) to potential laser species revealed that NO quenches
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producing NO(A%~, v-=0,1). When IF is added to a flow of active nitrogen three different
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be identified. The excitation rate of these systems, if N
order of magnitude faster than gas kinetic. Therefore, szB) is thought to be only a tracer
of the actual species exciting IF; the most 1ikely source’is excited ground state nitrogen.
The quenching of N.(B) by molecular nitrogen is quite rapid, with a rate of approximately

2 * 107 cm’molecule”tsec™!.
tributes vibrational energy to lower vibrational levels.
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3 * 107 %cm®molecrles ™ sec™?, when both molecules are in v-=0, and about 50 percent faster
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the Herman infrared system.
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o™ \ SUMMARY

“ * ' This report summarizes work aized toward understanding cheaical pathways
Q for producing excited nitrcogen xmolecules, and 2nergy<transiar reactions of the
?.v excited nitrecgen mnolecules which aizht prove laportant in jotential laser
i§§ - devices. The main thrust 3f the effort on chemical production of 2xcitzd
fé; nitrogen involvad detailsd studiss of several :iapertant reactions in ta2

\ following reaction seguence:
o !
l H + NFy » HF + lif(a')) (v
Wty
& B + NFlala) - HF - N(%D) (2)
hi)

N(3p) + NF(aly) » Np" - 7 (3)

.
) ﬁ All observations lend supportT te this mechanisz as being the route to maxing
:;- Nz' when H and NP, ara aixed together. Measurements show that the rate coef~-

» ficient for ra2action 2 is relatively slow, k3 = (3.1 = 0.8) x 10713 ca®
! molecule~! s=!. In contrast, the rate coefficient for the third reaction is
"r essentially gas kinetic, k3 = (1.6 2z 0.7) x 10='9 ca® molecule~! s='. The

N quoted rate coefficient for this reaction is actually the rate cofficient for
JQ producing N2(33Ig), v! = 1=-'2) rather than the total r=2action rata coeliii-~
;5‘ cient. Observations of cther products, e.g., Nz(a1zg), indicata that the
A channel which producas N,(3) is far and away the largest one. Some Np(A C,™)
15 ~ from the reaction is observed, as deaonstrated by observing Vegard-Kaplan
¢ emission in the ultravioietf, but these observations indicat2 that the N:(A)
N most likely is produced zy radiative cascade from Ny(3). This poiat r2aains
:5: N to ve clarified.
N
i? The species NF{5V-*) and N(%5) were not signilicaat pracurscers to Wp{3)
"W formaticn, The ponulation of NF(2) was too saall to affact any cbservaticns,

) while N(43) was formed subseguent td No(3) formaticn,
:2 Reaction 3 appears to be a rapid and efficient sourcs: of N3(3), and 2ne
lﬁb sizht indeed be atle to geqerage _largje number densi:ies of N41A,B), Lf cne :an
;&‘ produce large number ZJensities of NF(a) and %(%2). The major impediaan: we
dz foresee in using this scneme o praduce larje nuozer Jensitias of lizla,3) i3
e that atomic hydrogyen appeared to juench N(A) rataner a2fliciently. .Hus ona2
Ky would have to adiust conditions to minimize the existance <¢f free hydrogen
én atoms.
L
ﬂa Observations on Hy enerjy transfer reactions focussed upon the transiarc
Y of electronis =nerjy b=tween Vz(\3 u’) and NO, upon the products of Nz(a)
- . aneryy pcoling, upon th2 2xcitation of IT by active nitrogen, and the charac-
tﬁ terization of vibrationally excit2d Na(X,v) in active nitroge We _deczon-
.ug strated that %y(A) excitas NO(A) very efficiently (k = 7 x !u"‘ ca”

:ﬁ' . molecule=! s=1y  1ne efficiency of the rzaction, furthermora, does aost

' degrade a3 the prassura in the ra2actor increases. Spectriscopic observatiasns
Nﬂ of HO(A) emission indicat2 a significant variation ia the transition =oazeat of
-t the nu(Azz‘--xzz) transistion with r-centroid., The 2Iffact i3 such as o
%i incre43e the ralative lagortance of transiticns ~itn lar,e: Av, implyins has
oy
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5 wi scnes larger
is sitions 2-0,5 will be scmewhat larg
: shilted tr ttions 9,2 :
tan antiaisesed Tais sncres t—3?? tlrobabi’it{r of adequat2 3ain on these <
icipatad. This increases the p L ‘ eq i ‘ .
e o 5ntl~lpi-9u ta r levice Finally, it hes been cete:m-ned.tnat the
Ty transitions for 3 lase TN s e 30 percent longer than sreviously
Y iati lifetizme of N-{A) is about 20 per g ‘
iy radiative lifeti 2
§¥} thought. - |
b i : i rates ¢ vari-
Qﬁd . r pocling detarained the production -ahe ‘v—.- :
5 oty en) ene-?Y(C1” ), N (33" ), and the Herman infrared systsa
] ) ; N of N Thagl, N2 “g’ls ? ) N
b e Vlbratlond*_lerlS ai lavel of the N3(A) molecules involved in th
§“d; o lionenn VlOtatlon. d‘vate A total rata coefficient for the eners
ol 1l T 2 7
:fﬁi pooling process. Resulits indic 0-10 3 poiecuie~! s=! when we use the H2(A)
- N . T, . -~ . 1 A : -
qzs matain costoicionte ot Shamans :? tne hypothesis is correct that these )
{ﬁm Einstein coefficients of :hemanséé. z B e e e i
e i sici r bcut verce b ) et 3
K zi efiicients are 2 T " o
L Zinstaln coell g Tii1 be ’oughly 2.5 <
“ p e ccefficient wi T / . ] coroed ta
e ooy ?091-39 riy the issue of the N5(A) lifetize must be rasolv
i molecule~! 377, <Zlearly, the iss £ th
. - :
9" clear up this point,
;i i 3 well as that
: 4 i £ eacticn 3 as well
30 : i ne ! Zorzation from r
)?% rezay soering shovs fairic -foatchan~es in the vibrational level
‘ L s fairly drazatic g I > el
wh from energy pcoling shows ZIairly draz re, v ror oreseurss
B Cof 2} a3 a fuancticn of argcn pressure, :
! o e oacutar s <he other hand, appears to guench tae
v R - 1olecular nitrosgen, on <the i -m3
$¥' below 3 torr. i he ¥4(3) quits eificiently, k ~ 2 x 10 =
b ey T e 2 'q“ ‘*' vibrational lavel distribution
4 11e~! 371 sut does not change the 10N ; e ans |
e rtonaly “hese i £ N5{3) queaching and vidrational radi 3
o rirer i modatiag merenteal dager. tion Clearly, if the end result of
e ital deli otential laser operation, » 1 o
AN vital to mouel-ﬂ? p;otma-4o1 Oof No{(3, v' = J,1)--levels we cculd oo?e ‘?]her , L
(N ~i i b4 ClO¢ 2 ves: . v ) : g .
e o2 T all--or Ns5(a), then apparant qunculn,.ot tﬂe‘
e ey :‘ baSl" #ill not affact efficiencies as the
b : L ’ 5 : o -
(0 vibrational lavals of N:13) pro yowi : S A e ey
\67) , . ied nigher pressur2s of argon or nitrogen. : N
e syst=3a is scaled to nigher ; > N smeEay-o00ling peactions which produce
N P .- N - 394 p : ke > -2 i - uc
% pocoling lossas will te raduced in ¢t aE 0 3 g T yhon e
e 5 (C) or N3(3) ultimata2liv ragenerate No(A). 71 1t hoveres. ¥p(3) Gusnenias
p o iy b ocling event ratiher than two. If, £ 2! e
J one 2olacule per -g-; 2gen, then at higher pressurses, eflective .211;-.
- > 3 unc-stat ALt - e aaa - bl a,
. ﬁ SR :re‘hh'a Agewo:'i Se ra2duced and the pooling losses would doubd
; ti z rzaction -1 Se reducad
tion Zrom =2
L%i\ L .
‘ i i n 3 32
- velsped for Na(X,v) in active nitrogen which i
;. e e e et 3 twWeen zetastable helium atoms and
¥ i izacu acti petween & e an
:‘. ugon the Panning lonization rea;.‘an S tees Vz’(32r+) e e A sen
; .- . . : - his reaction pro 3 N 1t In jraner-condon,
v eancitis nltfo‘:eﬂ‘- Tftund state The resultant viobraticnal dis ;rt._u.*?nu £
: : & - - i . - -~ * . . “. - ‘b -
;“5 t:anSltlogs :-OmZEni ? : 3sion, therefore, mirrors the vibrational i?fﬁ: 4
f:‘:i' the Nz"(B :u -=X%Z4) e...i'aal. f 'l“ jemonstratad the production of N»T(C Sy )
ﬁ}% tion of the N»(X,v). We have a a? uh T aten ko o i)
; 4 n i 4 e ¢ * - * < -
N in Penning ionization of 2etastable heli e Ty s
3 , £ vibrational excitation in excess o .3 e s
o prasence of vibr
3 =" -
e i n.
. nitroge N
i = f S I® are excitad
i : 3 that thre2e different band systeas of :
hh q e e e ti itrogen Cne of taese systexs Ls the
" 1P is adgd flow of active aitrogen. e o
hﬂh‘ o kmoun 3““eg = 5’1"‘ st2a, while we have been unable to identifly
R IF(2°7 +==X'ZT) svstem, w! n . jentiis
““a R o ‘~~ 3 vet The exczitation rates of all three systa2as
fﬁ; the other two systezms as vet,
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varies
effacti

of magnitude
actual specias r
unakls to identi

on to the number density of H5(3) in the reactor. The

on rat2 cceificient implied by the data however, is an order
2r than jas xineti<¢. Thus the N3(3) is only a tracer of the
sponsizle for the IF excitation. We have, so far, teen

¥ the IT excitation scurce, but think that the most likely
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R 2 X 5
.\\ﬁ, The lowest-lying metastable state of Ny, A*:u*, is a well-known enerszy
f \ reservoir (~6 eV) which has potential as an energy-storage candidatz ZIor use
W)
ﬁQl in short-wavelength laser systeams. AS such, knowing the means to generate
1) . . - . - . i ,
‘\?‘ this species efficiently and understanding its energy-transfer kinetics in the
I
:Jaf lasing medium are essential regquirements for laser-device design. This gro-
e,
oy <. < .
%&b graa was designed to quantiiy the fundamental kinetics and mechanisas of
e N
v : cq s - . : .
’bab several key aspects of N3(A) generation and utilization. These investijations
. orovide a fundamental cdata base which is a necessary first stap in developing
e,
gsa: an N3(A) transisr laser.
A,
e
R o o |
M Several laboratory investigations have identified methods for foraing
‘ N>{3) chemically. Two methods, in particular (Refs. 1 through 5), may Zze
En .
:%i capable of producing N5{(A) in sufficient quantities to drive a transfer laser.
32)t The first method consists of a set of veactions initiated by the reaction of
g .
R - . . . -
Ea sy atomic hydrogen with NF,, and appears to involve the metastables Nc(aig) and
‘
N(2D) as key intermediate species (Refs. 1 through 3). An intriguing second
Uk UK ° ¢ 3
I
t . ; . . . ‘ ; . ..
:“L. - method is the bimolecular disproportionation of the highly 2nerjetic azide
iyt :
ﬁ.w radical, N3 (Refs. 4,5). The former method has a potentially high efiiciency
S
{:s ger unit mass, dSut ragquires the handling of the hazardous species NzF; (the
J thermal source of NFjp), and may present serious Xinetic complications upcn
e
D :
ﬁkﬁ scale~up from laboratory experiments. The latter method, which uses ionic
D
ﬁh& metal azicdes such as NaN3 as thermal sources of N3 radicals, is also soten-
o)
h}; tiaily efficient zer unit mass.,
Sal,
v'tﬁ;' . : P c L. o
'b% Additional aspects which govern the efficiency of potential cheaicalil
,l'g
i
'?k* laser devices are the efficiency of transferring enerzy froam N3(A) into the
~
gt t ; . s - . .
'Q¢ i1asing medium and the efficiency with which ener3y is drained from the Ny(A),
L
. A3 - both by other species in the medium as well as by itself, Several candidate
LV N °
'45‘ enerjy-transfer schemes have been identified whose Xinetics and eifiziencies
1
. . . < : . :
:ﬁﬁ . need to be quantified in the laboratory. Under previous sponsorship
LW
l g 2 [ LY A L~ k3 Y
hﬂ: (Refs. 6,7), PSI studied the energy transfer {rom Ny(A) to IF in detail. Mea-
iR .n
i sur2ients shown here demonstrata2d a rapid, efficient transfar which results ia
Ny
C:::t
%)
l'::;'
O
4,
\'.‘l: i
L]
.l‘,' .Q
4
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fluorescence Srom the B At - :{’Z+ transition ¢f IF cetween 300 and &00 na.

(Additicnal measurements using discharjed nitrogen showed that other excited
forms of nitrogen, perhaps vibraticnally excitad Nz, also contribute to IF
excitation. It is conceivable that the N3(A) generation schezes will also
produce such excited Ny species.) OZuring the course of this wJork, anotaer
excitation process was studied which appears to have potential in a laser
device: the excitation of NO(A®:S*) 2y No(A). In addition the kinetics of
No(A) energy pooling was studied in gr2at detail. The efficiency of the
enerjy pooling resactions govern the maximunm N, excited-state number densities

available in the laser medium. Finally, the pralisminary ceasurements on the

excitation of IT Ly active nitrogen wers extanded.

All experimental measurements wera2 carried out on discharze-£flcw raac-
tors, one of which « .5 developed specially for this program. Introduciag
selected chemical reagents and excited species into the main reactor isolated
individual elexentary reactions for unambiguous kinetic measurements. A vari=-
ety of well-characterized ultraviolet, visible, and infrared spectroscopic
techniques identified the species presaent, deterzined their number densities,
ané allowed their %<inetic bahavior to be juantified., All diagnostics were

calibrated using well-established, but not always well understood, aethods.

Section 2 details the xinetics of the d + NFz, H + NF(a1¢), and
N(20) + NF(a'.l) reactions. GIxtensive zeasurements on metastacie nitrogen
enerjy-transfar xinetics comprise Section 3. This section iacludes studies on
the Nz(A) + NG reaction, the Njy(A) energy-pociing reactions, and the activa
nitrogen plus IF reaction in additicon to the development and implementation of
a diagnostic for N3(X,v) in active nitrogen. Section 4 summarizes findings.
This report Joes not have a separat2 experimental section. Rather, the

apparatus and tachnigues jerzane to each set of experimental measur2ments is

described along with the measurexents.

[ N]

¢ »F UMDY
5 L) v f N
'»“’k ORI OO R R "‘ “ oW ‘t"".l“.t"ﬂ.“l",l a" s .c".. t".:'l I‘N:'.:l L .'\t’l."!.' NI l.o'l.-'l "‘

Tt




“
oy
N
o
g+
CAH
e
,QQ\
3
Neg
."h 2. ®H + NFp REACTION SEQUENCE STUDIES
Iy
"."" N
1
: "%‘ 2.1 INTRODUCTISN
b .
v, .
‘ -
W . - . ; -
44& > mwis Task was concerned with excited molecular nitrogen productisn oz
‘.) the H + NFZ reaction sequence. This reaction has been the subject of several
b "
Os X previous studies and its history in the.literature is intriguing. The firs:
‘~ X regort was by Clyne and white in 1970 (Ref. 8). They observed that the reac-
QL‘. tion of i + NFp produced NP(a1A). NF(b1E), and N2(B3zg). and proposed that
recoabination of N(4S) atoms was the source of Ny(3).
oy
A
)
':.5
)&9' In 1973 Herbelin and Cohen (Ref. 9) performed a similar chemiluminescence
¥
t.‘! 5 : :
Qdﬂ tucdy and suggested the following mechanism
S al
~
e 4 + NF, » NF(a) + HF (1)
[}
N Y
K
'\' 2 .
:::.. : 4 + NF(a) » N(°D) + HF (2)
LX)
[\ 2 3
oﬁf N{“D) + NF(a) =+ No(B) + F (33
Ny .
»
b
[} .h’
»7$ Although tiaey could not prove this nodel they presented indiract evi<ence
) for its validity and arjued that spin and angular momentum conservation wouli
N . . . c : < Sy e - : .
: ce major constraints in reaction product channel availability. In particular
»
W N . . N < . .
h Aj theyv empnasized that the reaction of d4 + NF(a) would produce i (2p) exclusively
"
% ( i€ thesa corralation rules rigorously held. In spite of these early ctserva-
!" .
tions the reaction zechanism for this potentially important source cf Nz' aas
l" -
ot remained unclear.
e
"(‘.‘.l
et
o
i
:ug In the early 1980's Clyne and ccworkers embarked on a series of detailed
L)
. - axperizents desijned to clarify this interesting reaction seguence
3 )
325 (Refs. 1,2,3). Jsing sensitive diagnostic techniques, they observed that
4
ﬁ“» N(2D) was indeed the srimary product of reaction (2) and concluded that
¢
)
ﬂh; Herbelin and Conen's proposed mechanis3m was probably corract. In addition
|.,‘I
. thev zade nraliminary estismates for the rate ccefficients of reactions {2}
gt ane '3V
‘I.,‘l
Mt
M
‘I:.‘l 3
'l ,'0

1\\
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The purzose of this Task was to measure rate coefficisnts £or raacst
and 3 and to study the efficiency of Nz' production from tae sejuence. 3y
determining these rate coefficients systematically we had hoped to be able to
prowvide further 2svidence ccﬁcerning the validity of Herbelin and Conen's

aodel.

Yhe ramainder of this section is prasented in several sucsesiions. Tirst
the initial studies of the chemiluminescence produced by the d +~ NF; reaction

seguence ar: studied., Nex:t the rate coefficient determination resulis £or

o
@)
(i
(]

ars presented. Some modeling rasults ar2 3lso des=sry

18]
tw
e
[
w

r2actions

Finally, we attempt to relate these results to possible davelopment 2f tals
. 2

scheme as a chexzical source of Np .

2.2 H + NFp CHEMILUMINESCENCE STUDIES

2,2.1 Flow Tube Description--The new fast flow reac:ior (ITHAN) was coa-

pleted and tested specifically for these experiments. The flcw %uce {3 con-
structad froam 5 cm id Pyrax, and the observation region is a 53 ¢m id staialezs
st22l chaober ccated with Tefion {(Dupont Poly TFE #632-2C1). Frior to

coating the entire cbservation chamber was painted with a flat oiack prizer.

(2]

he tlack priamer/Teflon combination serves two functions. The prizer radjuces

scatczrad lignt which facilitates all spectroscopic observations. The Taflon

also reduces wail reactions and recombinations. The entire CCNAN Ziow tuce i3
shown in Fig. 1, and a detailed section of the observation chamber is

presented in Fig. 2.

3s indicatad in Fig., 1, the flow tube is aodular and configuraticn
chanjes are conveniently made. All jas flows arz nonitored by elsctronis 1ass
fiowaeters, The flownmeters wer2 calitratad by zmeasuring the chanze in pras-
surz versus time of 3Jas flows into a standard voluae (4.5 L or 12.7%
The prassure chanie was measuared using a validyne pressur2 transauc2c that had

Seen caliorated assinst a aercury or oil znanometer.
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The pressurze iIn the Ilow tube i3 zeasurad usiang a Saratren C to 100 eorr

"

capacitance ranometer. Tvpical flow tube pressures ranged frcm 0,13 to

2.9 torr. TFlow velocities could be varied from 330 to 5300 ctm/s. The flow

velocity was decermined using the

v = 0z
N {(z)
tot
where
£ = gas flow rate in number of molecules/s
Neoe 3 total number density in the flow tube

A = flow tube area

<
"

bulk jas veliccity.

The term £ is zeasured with the mass flowmeter and Niy, is calculated as the
sum of the coamgonent densities found from the capacitance manometer DJressursa

reading.

If the total pressure in the flow tube is Pp(torr) at temperature T{X],
then the number density of reactant i is given by:

£, /PN
N = 1 - Q
it Z‘f( ]T )

ii

where £; = flow rate of r2actant i, If; total ficw rate of all reactants in

flow tute, N5 is Avogadro's nuober, and R is the gas constant.

Four of th2 eight viewing ports in the observation chaober are indicatad
in Fig. 2. In the present configuration, three ports are used for optical
detection. Jltraviolet, visible, and near infrared chemiluzinescence are
ponitored using a 0.3 @ McPherson aonochromator and a2 Hammamatsu Gads PMT. A
second port is used to monitor NO emission used in calibrating H atom number
densities (descrited later), and a third port is used to observe resocnance

fluorascence for N atoa detection.

*1 gorr = 133.,3 Pascals,
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2 and Near Infrared Studies--To study the chemical Zroduc-

[}
.

[ 9]
.

[ S}
<
)a

[/1]

1
U
A

tion cf excited szates Irom the reaction of H + NF;, we utilized the raaction
of hydrogen with the products of a microwave discharge of NFj dilute ia ar.
Initial runs showed that the emitting species produced by the NF3 discharje
consisted almost 2xclusively of NF(b+X) and NF(a+X) emissions at 328 and

843 nm, respectively., Weak NZ(B»A) first-positive emission was also observed,

but since the radiative lifetime for N,5(B) is orders of magnitucde shorter than

those for NF(a) and NF(b), the N5(B) is a minor product.

Upon the addition of hydrogen to the effluents of the NF3 discharge, the
NF(a and b) exissions tecace approxizately an order of magnitude more intanse.

In addition Y2(3+A} emission became anore intense. The NF and N emission

intensities also varied as a function of Hy flow. A spectrum covering the
range 520 to 280 nm is shown in Fig. 3.
NF{D - 1)

N2(8 + )

y w NE'a - %

INIUNSEEY (RELADIVE UNETS)

C,
{Zz
-

w
br-g .
<

!
* e 2000 333) byl 7500 3000
WAVELENGTH (2)

tijure 3 Zheoiluiinescence in the 500 to 2C0 nm ragion produced
cy the r2action of H, with discharzed NF.. Total

sressur2 4as J.1o torr,
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The observation of ennanced NF(a) eamission wh2an Hy was added to the 3is-
charje effluents is evidence that in addition to Nf{a,d) both YFp and T are .

= -

products of the NF3/Ar microwave discharge. Rapid reaction of ¥ with added #Hp

produces atomic hydrogen wnich can react via the abstraction rs2action:

H + NFp » NF(a) + dF

These observations are also in accord with those reportad by Herbelina and
coworkars (Ref. 9). The dependence of the NF(a-X) emission upon the H, flow
rate i3 shown in Fig. 4. Note that as Hy is added, the [NF{a)! incraases,
gces through a peak, then appears to reach an asyamptotic limit at hign #;
flows. The fact that the NF(a) concentration appears to te essentially inde-~
pendent of [H;] at high Hy flows is utilized in the neasurement of the juench-

ing rate of NF(a) by H atom as described later,

@A)
ONF
CNF(D) NOTE :

A NF{a) “Na(A)imax ~ 4 x i09/cad

|
i
'
i

RebATEve ENCEMSITY

. 1 L hE T —

4 S 3 w . 3

Ay FLOW [ 10718/¢)

fijure 4. Cegendence of NF(a»X), NF(b+X), and N-(i) enissions as a
function of H5 flow.
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2.2.3 UYUltraviolet Zaissicn Studies--The spectral ra2gion 220 to 33C nm
«“as scaaned to study any prccuction of N5(A) from:
d4 + NFp - NF(a) + NF
NF(a) + 4 » N(2D) + HF
NF(a) + N(2D) » Nz(A) + F (4)

ct

(Refs. 8,9,10) proposed tha

[3a]
ct
P
u
I
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A
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Ciract A state production was presumably discarded because of orbital ancular
aomentuam correlations. However, spin correlation which is typically mora
rijorcusly obeyed in these types of reactions would allow N siiglet and

triplet Zormation. Since orbital angular momentum correlations are often

v.:iaz2d especially for nonlinear collision complexes, it seems reasonadle %o

(11

xpact taat dirfact Np{(A) production should te possible from reaction d.

Typical scans are pr2sentad in Figs. 5 and 6. Figure 5 shows intense liH

emission originating from two band systeas NH(:13 - a13) and NH(A3: - X°IZ7).
vne {(Ref. 1,2,3; observed :tnhe identical systems in the H + NF; systea fur-
ther supgorting %the contention that under our experimental conditions, the

i - NFy system was effectively imitated by using discharged NF;. Upon reaoval

-

of Hp, the NH spectrum vanished. The most likely production source of N& is

y the reaction:

13}

N(2D) + Ho » NH(X) + A (3)

NE(X] o+ Na(A) » NH(S,A) + No(X) (%)

This had been graviously arjued as indirsct evidence for the prasence 9f Na(A)

in the flow cf products resulting from the reaction of N + NF-.
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Figure 5, NH {c-a) and (A+X) systems produced in the Hy+

dischargjed NP1 resaction.
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ring the course <f tne initial experiments on the CTONAN Zlow tu

N;(A) was observed bty detecting the Vegarsd

(413

chenical preduction ¢

systam near 250 na. A typical spectrum is shown in Fig. 6. The str

bands ars protazly due to silizht contamination by NO produced in the X

discharjge. ct rad degraded N3(A+X) system is clearly evicent

-

vanishes upon extinction ¢f the Hy; flow. Thus, it is not a discharge £ro

To our xnowledge, this is the first diract observation of Ny(A) chemical

ducticon and grapnically demonstrates that at least some branching

tion energy into this highly metastable state. Some mneasurements

dens and these results and the

4.3.5.

ias of {A) produced,

i

(44

the nunbe

4 - 2.

-

153

di sed later in 3Subsections 2.4.3.3 and

(:
(u

3

.‘1'2‘(3‘/

The Ny(a-X) L3H systam near 150 nm as shown in Fig. 7 was also

This enission alsc vanished when H; was removed. The production of

vides a graphic demonstration of the extreme exothermicity cf the #

reaction seguence since Nj(a) lies 8.5 eV above N3(X).
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N v 2.2.4 Phenomenological Xinetic Investigations--It was fellsvec that o

At
{ “ interzret the planned kinetic rate measurements, it would Te advantagsous o
(A 4
! - examine some of the dependencies of the various excited specias upon reactant
A
Pt W, ) : . L
’-xi concentrations. Relevant to N3{A) production ars the data pr2sented ia Fig. 4
(W, W,

Y s . . . . = - h
? ' which show rglative LNz(A)} as a function of Hy £iow at a constant NT3/Ar
;:1_ flow. The N>(A) concentration rises rapidly then turns over at

» ! 5 -

"Q'.‘ {Ay] ~ 2 x 1918 -1,

ro
*’:u;

N ; . = =z

. L? The data in Fig, 4 were obtained at a distance of 36 cm from the Hy

injector. This represents a reaction time of ~7 ms. To octain a tempora:

.-- 3 : - . .

jt? profile of the N5(A) producad in the reaction, the Zixed H; injector w~as
s . C s ; ; :
‘jﬁg replaced with a movable injector. 3y holding all £flows constant, the N3(A)
‘o concentration profile was obtained by moving the Hy injector in the {low

- dirsction. The results of this scan are shown in Fig. 8. Also shown iare
e
o (NF3lg = 5.7 & 1313/cad B [NF(a)] uNITS OF (1Ci8izmd
S (dzig = 2.3 X 1643/cad ® [N2(3)] LNITS CF (137 zmd)

N {Arlg = 4.1 X 10i8/cmd A (Ny(A)] UNITS OF (1037225
! . 0 i . T H v H
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nearly the same tize suggescing that they are Xinetically related. 3Since tae

~—

radiative lifetime of YNF(a) is 6s, its decay is not due to radiative loss.

Rather, csbservaticns support the hypothesis that at least some NF(a) raacts
eventually tu foram N3(A). The rapid decay of N-(A) is also nonradiative and
is probably due to a combination of wall loss and reactive loss. Some N5(A)
Jay be consuxzed in punping NH(X) to the A and ¢ states. Time constraints hava
precluded a detailad study of these processes, and these data are praliainary
observations. Systeszatic studies of the production of NF(a), N3(3) and l-13)

~

are presented in 3Subsection I.4.

2.3.1 Apparatus--Severali changes wer2 incorporated into the apparatus

(g}

or +the kinetic studies. The output of the photon counter was connectad to a

CCMPAD microcomputer td collact chemiluminescence spectra on floppy disx. The

Q.

ata were later analyzed on FP3I's CEC MICROVAX computer syst2a usiag thz: spec-
tral £itting rcutine. Resonance fluorescence and absorption laaps wer2 incor-
porated into tae flow tube to zeasure %(2D) atom concentrations. Finaily, the
0.3 @ z:onochromatcr was moved to a different viewing port which perxzittad

goni:oring of H(ZD), NF{a), NF(b), Naid), Np(2) and N3(a) at the saae spatial

low tuse.

XY

nositica ia the

2.3.2 2Rata Constant for H + NW7(a)==The rate eguation for WF(a) ia the

£low tuie 13 given Dby:

d(NF(aj ) Cyres Ve "
—"——E—"—L = - k{d] =+ &w) _N:(a)‘, (7)

where juenchinj of [NF(a)] by ground state NF and undissociated NFj was
neglacted. Experimentally we kKeep the initial NF3 concentration low

(< 19'3/ce). In addition the NFy flcw rate is constant for each run. EZven il
some Juenching were present, it should be a constant tera indegendent of
chanjes in H. If 7e neglect wall collisions, the integrated rate ejuation

bacozes:

,\
w
~

(SF(a) i/ (NF(a) ]y = e~RlHI(z/¥)

—
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f : wher2 z .3 the disctance Srcc 4 injection to tne ocservation wurt, and v 15 the
L) .
1 bulk sas velccitv in the flcw Tz2be. If the concentration of [H] is zuch
::f greater than that of NF(a), plots of in(NF(a) chemiluminescence intensity, as iy
L} :

a function of [H:(z/v) yield k, the desired rate ccefficient. A diagraz of

" the flow *tube used Zor these studies is shown in Figure 2.
o
C )
*;5 Altaough the fora of 3. (3) is simple, there were several demanding
y 2 experimental raguirements %hat had to be nmet. The first was to ascertalin

N
f?z that a detectable Zflow of NF(a) could be established. The initial studies

’ dezonstrated that this could be obtained., We next had to investigats whether
:55 d5 was 2 juencher of NF(a). The data presented in Fig. 10 indicate that con-
L
'%ﬁ ditions can be estaplished where NF(a) is essentially independent of Hy Zlcw.
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Figure 10. Relative concentration of NF(a) as a function of H, Flow
; for three diZferent NF; tlows: a) (NF3] = & ,moles-s”';
v . g L) -
iy =) (NP3l = 2.7 .umoles-s~'; ¢) [NF3] = 1.25 umoles-s ',

. The activation for adding 2 large excess of Hy with respect to NF3 was 10

(D]

U react away any fIrae and NF; produced in the discharje. 1Ia addition, by

% injecting a larje excess of H,y in the formation region of NF(a), subsejuent

ol addition of smalliar amounts of undissociated Hp further downstrzaa would hava
»

‘J‘ 2inimal effect cn the NF(a) concentration. All removal then could ce attrib-

e ut2d to A atoms.

'ﬂ? The H atom juenching experiments are thus run as follows. A small flow
A of uNF3 (typicaily 0.2 umoles s~') in a flow of Ar (2 mmoles s~') are dis-
'q: charjed in an Zvenson cavity using ~8W of microwave power, Approximataly

(X 0.2 amoles s~ af H, was added 20 cm downstrz2am from the NF3/Ar injecticn
1,? rejisn., A 2ixture ol Hy/Ar was discharged in a second cavity (50W) aad

A igjected 15 ca downatr2aa frcam the f£irst Hy injector. For clarity this H,
fiow i3 refarred to as the secondary Hy., The Ar flow carrving the secondary

¢ 4+ wa3 <2apt constant (typically 9.4 amole s='). To assurs that NF(a; dacay

Y .'O"'l .n‘ (AR POWTWCH ‘I‘ ISECACW '. (R A O N
SO SR A ;‘l’hif“lf,“?g‘l.‘.l?%l?..!’.’6,._|’_'.l’|‘le.blf3’itg,'




.
G
b tration w~ould ze a constant fraction of the secondary Hp. At nigher flcws of
N
CanLi .. \ . : . . T :
. secondary dary Hp the plots displayed a curved behavior indicative of a2 diain-
; ishing dissociation efficiency. Only a few such runs were mnade to Lecoze con-
h" vinced that NF(a) decays cculd be detected in the prasence of 4 atcizs. Tne
b
N, q next st23s was ts calibrate the detaction system, outlined as £ollows.
;
1
2 NF(asX) NF{a-x}
N
-“-‘.3 /
" a b
y '
'I
l.
»
o)
M
o WYy
l'..
o A ~ -
2678 37593 8675 3750
e ®
.,* L) i)
*l
|ﬂ$
'2’
3
: i Fijura 11, 3Scans of 'NF{a+X) emission showing resaoval v hydrogen atzas:
. a, Hs discharze Ofi, b) Hs discharze on. Conditions a3
RV {ollows: prassure = 1,24 torr; seccndary H-~ fiow =
ﬁQ 530 .oolas-s~!,
{
v g
[»]
01,“
x
J'
Wiy
5\*\"‘-‘-\"\\\\‘$\$\-\"~'\ 15 A% T H N TS > L™
"W e e Py iy <
il ‘ LA AN A S A S O B A B S ..h '.n ‘1’!0. -'l. 1.0 ~la‘." :."'\‘la.i ﬂ.a‘ skh h.\.ﬂ .l“ ll‘l‘r!' 'u"..tl“"l.~

constant

opservad

atoas Iould indeed te coserved, some pr2liminary rmuns wer:2 2ale.,

.

shows two scans of NF(a+X) eaission under identical condiiions

i3. 11b the secondary Hy discharje is on. Thre <dimination of
Z atsms is cl2ar. The [NF(a)] was zonitored as 3 functoon of
L]

Z;. These experiments were perioraded Iy nolding 2ll IZlows

except Ior the secondary Hj. No detectable change in [NF(a,: was

for any secondary H; Ilow without the discharze. Large chanzes (~ an

sagnitude) could be observed when the secondary Hp Jdischarjes was

A

lthough we had not yet califrated the Jetact: systa2a tO aeasurs

H atom concentraticns, it was £21t that it wvas prudent to zonitar

(NF(a)! as a function of secondary Es. At relativaly low seccndary

the

_zcles s"), 2n (NF(a) chemiluminescence intensity) varied line-
sacondary Hp Zlow. At these low flows one would a2xpect that the

fraction of H; is essentially comstant. Thus, the H atda concen-
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iy
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AN _ s e ; : B
an The titrazion of NO was used wita d ts measura H oatom concantraticns.
DY
SN . s ‘ = - e C ;
LA The recoxzbinaticn re2action ¢of d + NO produces HANO eaission. The intensicy .3
{ . fenr : ; o
v pronortional ts _H1iNC] and is pressura independent (Refs, 10,11). TIhe prc-
&.
v portionality constant i1s cZeterzined by the following titration.
n‘"-/‘
A
‘.I
) - ‘e : .y . i s .
A 2,3.2.1 ¥ atom =alibration nrocedura--faving established thzt Je
t ) . £y LY = - -
~), could indeed detact remcval of NF{a) by Hd atoms, the next steg was to dJdevalop
'i
‘l ! PR 3 2 e : Y :
£y a calibration standard for i aiom nuzbar density. These calibration exgeri-
4
NS zents are descriced as follows.
o
¥,
» The titration of H + NCCl first described by Clyne and Stedman (Rei. 10)
)
-~
o . . : :
T was cnosen. The reaction sejuence is
o
o
N
SO H + NOCl - HCl + NO (9)
-
e H + NO + M » HNCv + 1 {10)
az
- - . - . : '3 TRy - » . vy
by followed by racdiative emission from HNO . When [H] > [NOCl], unreacted H coa-
bines with NO to produce the HNC* » HNO + hv red afrerjlow {(Ref. 11). When
"I.u
?" [NOCL] > [E] the giow is extinjuished., 7To use this titration one adds a
d
zh : metered flow o0f NCCL to an uanknown flow of H while monitoring the ENC* exzis-
e
' . : . "\ : : - -~ -
o 3ion. Ihis cnexmiluminescence has fcur characteristic featuras at 227.<,
N $32.5, 7%2.5, an3 725,35 nm (Ref. 11). We used a 9 nm bandpass filter centerad
ég a% 230.5 na to aonitor the 532,2 nm peak with a Eamamatsu RI53 MT.
L)
1
D) \J
tiyy Earlier work by Clyne and Thrush (Ref. 11) had shown that the HNO* emis-
. .
p s5ion intensity resulting from the three body recombination H + NO + M -
s cins s R ‘-
e HNO* - 4 is descriced by
90
0
b .
A . :‘_{NO = K[:i][.\Oj
L]
poz,
\"' PR . . N - .s
SN and is independent of total pressure over the range of 1 to 2.5 torr. We note
" ) ) .
05:' that Igyc is proportional to [H] for a given [NOJ. To utilize this titration
oYy
ey a5 2 calidration standard, the proportionality constant X must be desarainad,
(]
& Siace I/.N0] is proportional to (H] .t is also true tha* I/INOCLl]) jaded i3
",

- 2 AT ;
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w propertional to [H). Note tnat (H] = [H]g - [NOCL] where ([d!; is the atoa:ic ‘
! : . . . -
o hydrogen concentration in the absence of NCCL, .
thils
o, :
> - !
> Therefcre :
- % «
g ‘
\ I
|
! ‘) wl e Al . i
T I = K/ {d]y - (NOCl] [Noci]
NN
¥ ...\'
-“.. .
Mﬁq A plot of I/{NCCl] wersus [NOCl] will be linear with a sicpe of % and an
LY
uEy abtscissa intercept of {H]p. with K determined by this aethod, the H atonm
4ol concentration can readily be measured by adding a known concentration of N0 to
; "ﬁ the anknown #H flow.
?
R
[}
) . . . . C s : : .
1y Althcugn strajghtforward in principle the NCCLl calibration proved to ve
;r-- tedious with several subtie problems., The initial calibraticn produced non-
+
- j linear behavior and irreproducible results when plots of I/[NCCl] versus
N
!k' [NOCl] were constriucted. The probable cause of this problea was traced to a
L)
( : R . : .
A wall reaction. A detailed study of Clyne and Stedman's!0 paper revealad !
A that they had observed a similar behavior on bare pyrex walls. The postulated
.
e : : : . .
t,ﬁ reactica sequenc2 including walil effects is 4
‘l
A
;&;
. . 4 = NOC1L =+ HC1 + NO
EN)
Y
P H+ NO + M ~ HNO* = M
L]
h L ]
i (]
.. »
OO H +#+ HCl » Hp + Ci (1
pt
" cL +Cl, > Cl (12)
A - wWall 2
L
Ll
OO
.‘?’.‘ - . -~ -
1y, - 4+ C1lp » HCL + 21 {13) 4
BN
O
oy , L .
{*p‘ The catalyti: recombination 0f Tl on the wall forms Cl; wWhich thean con- .
\l
h ) sune H via tne rapid Ciy - H reactiocn., 3By tr2atiag their flow Tuibe walls with
M
R gchospnoric acidi which innibits wall racocbination of Cl, Clyne and Stednan's
L}
,". resu.ts Cecaze much mor2 raproducisle,
y L]
»
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Lol
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:,-:: A secgtion cr the Ilow Tice was uncocated Pyrex. This Zesign perziitzd
,' = visual exaainaticn of cheailuminescence in the f£low tube. Subseguently this
e * . . - : . N -
'i:'\, reaction cell was ccated wita Teflon in an effort to solve this problez, The
B '
;% calizratiza plcis of I/(NCCL; versus [(NOCl] did tecome zouch zore2 reproducizis
LW . . . . . . . .
,\ and the linearity improved. Although the NCCl titration technigue proved o
A
v) Se acra2 3difficult %o use than anticipated, the titrations perforzed in Ine
td L
W Teflion coated £low TiDe gave satisfactory results.
AT
oty
TGy ) . . . . . -
$"¢ A tyoical plot of I/INCCl] as a function of added [NOCl] using the Zally
(l
coat2d reac+tor is shown in Tig. 2. An average of five calibration runs at
- ~
::.': varisous sonditicns vielded 2 grorortionality constant X = 0,46 x 077 A/(ztory!
..”:;. with a standard deviation of 15 percent. With a known X one can add a xncwn
LN . . o
"ﬁ-s'_;- concentration of NO o the Ilcw and determine [H] from Igyng/XKINCI = [Z].
AN
1.2
Xy i T
S 1.1 -
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rizur2 12. Tyoical 2ata for H + NCCLl titration. Shown is a plot of
I4ye/(80CLl3360ed Versus [NCCljyadeqe The slope of tae plct
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The d atom $roduction At a gSivan z2icrowave power and 3T a4 tonstant ArLE
rate 7as nact constant with respect to time. The data in Fig., 13
deaonstrate this tenhavior., These Jdata were obtained by <eeping the H3 Ar and
NC flow ratas csconstant while varying the nicrowave power. The nuzters
attacrnal to the data points indicate the order in which the data wera
recoried, Nots the reduction in the intensity of the HNC* eaission Ifor a
constant zicrowavs power (points 4 and 5) and the apparent aystarasis-like

behavior when the power was raduced from 30 to 43 W. T

h
Proclama was heating of the microwave cavity. Even though a Zlow of cowpressad

[4%

air was forced tarougn the cavity, it provided insuffici=nt ccoling for

Scra A atom production.,  The difficulty was resolvad Dy flowing ths coollag

[N

un
air through an ice bath prior to introduction into ths zmicrowave cavity. This
3llcwed constant I atom production for at least a zinut2 at any microwavs
power, Since It ra2juirsd only a f2w seconds to nmeasur2 zoth the
nNO* amissicn Intansities, this was a satisfactory reamedy. A further
imprcovezent 2ijnt ce realized using a different design such as that 92f Cing

et al. (ReZ. 12, who used a £fluid as a coolant.
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FTizura 2. Pict of Ioaes (crgpc::gonal 2 H) a5 a _funsSticn Il T1SICwaVe powar,
Ncte that the praduzticn efficiency for 4 2%:m zrocuction i3
strongly dependent upon tae wmicrowava discnarie power, vouokers
r2Z2r to the teugoral order in ~shich data ~23 cotalnzag,!
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Figure 14. Iuyg 2s a function of [H5l.34.4 for constant [NO] and
constant microwave discharje power.

In practice the microwave power was held f£ixed and {H] variations wers
obtained by changing the H; £low rate. A typical plot of I,4n0) versus H,
flow rata at constant [NO] is shown in Fig. 14. Note that as {H;] is
increassd, the dissociaticn efficiency is reduced. This observation coupled
with rthe dependence of H atom production on the teaperature of the microwave
cavity clearly indicate that [d] must be measured for each Hy; flow. One

cannot ra2ly upon coaparable conditions to give the same [H].

Next the response of Iyyg at constant (H] was checked while changin3 the
NO fiow. Figura 15 clearly shows that Igno is indeed proporticnal to added
NO., wWith these checks and the previously described calibration coampleted we
wera in a position to measure the desir2d d + NF(a) + Products rate constant.
It was noted also that typical [H] was >10'4 atoms cu~3 while [NF3 (whicn

A ‘4
resres2ats the zaximum possible [NF(a)l) was ~1013 molecules em™3, (Latar

-~

experizents shcw2d that the maximua (NF(a)}] was no greater than

) - - s = iie e e s
2w 1212 zclecules za=3. Thus, the pseudo Iirst order condition with H in
2x2253 ~wa3 satosiled,
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Figure 15. Igyq versus [NC].su.4 for constant [H].

Typical scans of the NF(a-+X) emission with and without d atoms was pra-
viously presentad in Tig. 1!'. 1In practice the peak NF(a+X) signal was acni-

tored at 374.2 nm but pericdically scanned the entire band to check for any

(0]

ossiile speciral interifiersnces from Ny(3»A) and HF{v). At the high H5; {lows

used in these studies no interierences were detectad,

A saaple plot of In(NF(a)] as a function of [H] is shown in Fig. 15.
Thesa cata yielded a rate coefficient of 2.9 x 12°13 cm3 molecuie~™! s™'. The
rate ccefficient was measurad under several different sets of conditions.
Table 1 sumnmarizes the results.

The average of all runs is

= (3.1 £ 9.6} x 10=13 cu3 molecule=~! s-!

(2]

he error represents the Dest estimate of the systamatic uncertainties in the

2

23
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270
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nts, These arise from the H atcm calibration which is +%he dominant

i
1S

- =
-

sourzae of errocr. nis valae 15 in excellent agreement with the valuae of
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N : LTorr; % {ca s °) (12 33) (c:n3 molLacule 3 1)
I : |
-..'. —
i ) | - -
- i .43 2C4e 2i.9 2.31 x 10719
® !
-y | i
'\, . - : a5 -13
' 1.79 | 1641 26.6 2.85 x 19
e |
4
. | L | ~12
| 3,31 | 3191 14,1 3.33 x 1971~
v, i {
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2.5 x 10713 cm3 asiecule”! 57! estimated by Clyne et al. (Ref. 2,3). It is

apparant that the Iirst stsp in the proposed excitation scheme of No* is

Thrcugheout thes2s studiss it was observed that [NF(a)! was essenctiall
7

-

independent of [#1] added. No decrease in [NF(a)] could be seen evsn though

sensitivity was 2cre than adejuate to see & 10 percent degradation. rem

thase opservations, an upper limit for H quenching of NF{a) was estimatad to
be 1 x 13714 cm® nmolecui2~! s~'. This can be comparad to an earlier measure-
zent of D; juenching of NF(a) by Kwok et al. (Ref. 13) who reported a value of
< < 7 x 19714 cad zolecule~! s-!

2.4 PRCOUCTICN PAIZ FCR Ns(B) EXCITATION
2.4.1 Background--Determination of the production rat2 of =xcitad N,

from the # + NF, reaction scheme is of critical izportance to the possibdile

utilization and development of this system into a chemical laser punp source.

>
w
"
}n

Since N5(3B) 2latively easy to monitor and is the likely sourca of ¥N,{A)

y

prceduced in thi

-

n

scheme via N;(3+A) emission, we chose to test the =mechanisa

-

reviously postulatad in the Refs. 3,9,10. The salient model is descriced by

kol

Y ge)

w

[P
t2ars

(44

NF{a) + H - N(%D) + NF
NF{a) + M(%D) » Np(3) + F

The initial approach was to add N(2Dp) atoms produced by a microwave discharge
t> a fiow of microwave discharged NrF3 dilute in Ar (which precduces N¥(a)).
The difficulty of strong N5(3-»A) eamission from three body recoamtination of
W(43) atems (sroduced f{rom our discharje source of N(%D) atoms) was sncoun-
tered. Thls weuld have been the preferred apprcach since interferances causzed
by d atoa cheaistry would have been elizinated. The strong racoacination M,
first gositive exission, however, made data from this approach difficult to

iatarcrat,
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An alternate agproach involvad the entire H + NFy reaction seguence. Although

ora coamplex than the first anethod attempted, it does offer the advantage cf

3]

perzitting a detailed study of the actual chemical production oI Ny~ in an envi-

renment similar {but not identical) to what cne would expect in a laser Z2av:uce.

The model described by £3s. (2) and (3) leads to predictions of the (3]
production that can be tested experimentally. If reactions {(2) and (3) are an

accurate Jescription, then the rate of change of [N5(3)] with time is jiven By

aiN_(3):

5

dt 3

)] - [Nz(s)]{A + K (14)

\
5+A Q7

whera Ag,, i1s the radiative rate for N Jirst positive emission and X5 1s the

first crier juenching rate ¢f N,(3) by species in the Zlow.

The H3(3) emits radiatively essentially instantaneously with resgect to
the spatial voluze in which it is formed in the flow tube. Thus, N2(3) is in

. -

steady state with NF(a) and N(%D). dence, from Eq. (14)

Ui
~

. - \ \ 4 A
k3 (NF(alJIN(2D)] = (¥2(8)1{Ag,q + Kg) (
N¥owe that a plot of [N;(3)] versus the product of [NF(a)] x [N(ZD)] snould be
linear with a slope of k3/(dg,y + X5). To extract an excitation rate Iroa
such an analysis one aust silzultaneously measure absolute concentrations of
- 3 w2 - s ; . ; :
NF(a), Np(3), and N(“D). <Careful and systematic calibrations are reguirad and

b

ar= Jdescribed as follows.

The [N,(B)] and [NF(a;] were deterauined by measuring the intensities of
he Np Zfirst-positive and NF(a+X) systeams. The relative resgonse function of
the nonochromatsr and detaction systea was detarained using spectral standari

denterium and juartz-halogen lazps. The next section describes how the

ra2lative response curve was pliaced on an absolute basis.,

2.4.2 Apsclute shoton emission rate aeasur2ments

Z2.4.2.7 General procedur2-~-The otserved signal is related =0 tas

trie volume emission rata through
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. I = == - TV {(19)
i obs true 471 T\
l.'; .
;:; wher2 /47 is the effective solid angle subtended by the detaction syst=a., -,
* .
AL is the gquantum efficiency cf the photomultiplier at the wavelength of inter-
j
‘I . X C : , - . ;
[y est, T, is tne transalssion of the optical systea (e.g., Dnirror raflectivities
\ ; s s e s , . . :
o and grating efficiency) and V is the observed volume of luninous 3as in the
Ao : R . .
Ay reaactor. The wavelength dependence of the product /47 137,V is given &ty the
'\n." K
Y] r2lative nonochromator rasponse function R,. Absolute values of that rroduct
fu are obtained in a calibration experiment using the O/NO air afterjlow at one
P or several specific wavelengths. Absolute values at wavelengths other than
o
%i' those chosen for calibration experiments are obtained by scaling with R,
e
) *
‘.l
" As stated earlier, the relative spectral rasponse of the monochrsiaicr
G was calibrated between 200 and 900 nm using standard juartz-nalogen ani T
-I
o . * : . . : P - . -\ N
":P continuum lazps. Additiornal confirmation of the calibration between 55J and
i
‘Y
,‘ﬁ 800 nm is obtained by scanning the air afterglow spectrum and comparing
N
iy . : ; . . . : . Ces . . - . .
oy observed relative signal levels with tne relative intensities given dy Tontija
x
e et al. (Ref. 14). The absolute spectral response of the detaction system is
h
:ﬁ measurad at 330 nm using the T/NO air afterglow as described in the £ollowing -
L9
o paragranh.
-
o
: When atomic oxyj2n and nitric oxide are mixed, a continuum enission
B
% : extandin; from 373 am to neyond 3000 na is observed (Refs, 14-22). The
. intensity of this emission is directly proportional to the product of the
-
L) M
” - . . - . . . N -
"F nuaber Zensities of atomic oxygzen and nitric oxide, and independent of pres-
et sur2 2f tath 3as, at least at pressuras above about 0.2 torr. Thus, the
3¢ - . . .
Jh4 voiume-ezission rate of the air afterglow is given by
A
59
o
A p M
L Terue = %3 [0I[NC] X (17
ot e
x
e
\
:{ » wners <. i3 the air afterjlcow rate coefficient in units of cad molecula=! 57!
D : .
4
:.' n2~! and '\ is the monochramator bancdwidth. Literature vaiues for tais rate
W -
{'~ coefiici2nt span 2 range =f aore than a factor of two (Refs., 14-20) but racznt
"
o
0.‘ ¢
0 *Uptrsniz Lagoratsorias Ilac,, silver 3oring, Marvland.
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~ studies {Ref, 12¢) indicata2 taat the original work of Fontijn et al., (Xel. 14)
{ is prokbazly corract at waveliangths shorter than = 300 nm, We use a value of
(N )
) - . .- - - . N - - ;
N 1.25 x 10719 ¢33 zclscuie™! 37! nz~! at | = 580 nm. Combining 2gs. (o) and
@]
SOY : : o
;itj (17) 3ivas the observad air aftserglow intensity:
" .
O
R 9/ %0
: I = & [0)INOItx = TV (1a
) A y oI i AT )
i,
-
- . = PR . N : : :
'4\3 Air aterzlow caliizration experiments jive a calibration factor,
,.).3
\
' .O/NC
%, > -
<, = = — = X L\ T— a3 2.V (12)
v {o]No] AT dr AT
o,
' the detarmination of which will be described in the next paragraph.
0,
1_“ Absolute number densities of emitters are obtained by dividing absoluts
w1¢ volume 2aission rat2s by known transition probabilities., The air atfter3low
o calizration £factor, <y and the moderately well astablished value of ths air
%.
?
:? aftergleow rate constant, k\, are used to convert observed emission intensi<ies
.’ ! .
~ .
o to volume emissicn rates:
8,
) : I <, Ai R
o obs ™y =<
N . c < -
.r" 4 = = (eb)
BT true <, ]
s AT
et c oos
Lot
“) whera M, rapresents tne wavelength of the calibration experiments and g i3
an ] C e .
d jb the waveliength of the transition of interest., The I,ypg Tust be the total
D . L : . . , : . . :
.:‘ integratad band intensity. In this werk the nmeasursed emission intensities
eV
vy wera neasur2d in terams of zeak intensities. A calibration factor consisting
LB
e of tae ratio of the intejratad oand intensity to the product of the spectroae-
5
l".'
i@f ter bandwidth and the peax intensity was detarmined for cases in which zotal
'
:t‘ intensities were needed. In calibration experiments, the band areas wera
,-tt’
Al . s . . :
g?ﬂ! integrat2d numerically usinj spectral scans which were greatly expanded along
4 L] . . .
};,' . the wavelength axis.
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A 3Series oI zalibration exgeriments taxen over i gperizid o3

ailiozration factor, <s53p, to =15 percent. An additional uincar-
tainty of =25 zercent exists in the absolute value of the air afterzlow rate

coeificiant Kggp. TFurther uncertainties in the deterzination of the absolute

nhoton~-enission rate £or Np(3) come in through the relative monochromartor
response functizn., There were also some errors introduced in deteraining
absolute NF(a-x) emission ratas because the a»X emission band intensities wers
needed. In calibration experiments, the band ar2as wer2 intagratad au
cally using spectral scans which were greatly expanded alcong the wavalength

axis.

2.4.2.2 Air afterglow calibration procedure=--In air aftsrglow

calibraticn experiments, the intensity at the calibration wavelength is aea-
surad when xnown juantities of both 2tomic oxygen and nitric oxide arz added

o the rsactor. Known gJuantities of atomic oxygen are prapared Ty titration

(nd

of nitrogen atoums with excess nitric oxide:

N+ N0+ Ny +O
{21

molecule~! 5~') {Refs. 23-25j

In the absencs c¢i added nitric oxide, N atom recombination produces chemiluai-

nescence Irom tn2 nitrogen first-positive bands, the intensity cf wnhica is

[ ¢
@

sroportional te the square of the N atom number density. The Xinetic oro-

cesses ar2 described as Iollows.
N o+ N o+ Np(33g) (22)
N2(33Hg) > NZ(A3:u+) + hy (first-positive bands) {23
Jpon addition of NO the first-positive emission intensity 3Zecraases until the
quantity o N0 added balances the aaount of N atoms initially in the flow. At

this zoint, the end point of the NO titration, all N initially in the r=2actor

nas b=22n juantitatively converted to O, and no enrission i3 observad in tae
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\.')' reacter. As NO is further acdded to the rsactor, the air afterglow eaission
{ ) . begins to be observed, and tne intensity of the emission varies linearly with
,..!:. the amount of NO added., Such a titration plot is shown in Fig. 17. The
‘-:;' equation describing the change in the air afterglow intensity as a function of
'

. ‘_l rs - . . a . . :

) *', added NO for NO 2dditions bteyond the titration end point is

L)

B - , .

o - Ig/No = <[0]INO] = «[N]g([NO]g5 - [N]g) (24)
’.!c:: where x is the constant of proportionality relating the air afterglow inten-

. sity to the product {0j[N0], (N], is the number density of ¥ atoms initially
"3_ in the rsactor prior to NC addition, and [NO], refers to the NO numzer Zensity

L
Whe Y N . . . , . .

:'_, which would be ootained in the absence ¢f reaction (21). The factor <« then
Vol is deteramined to be the ratio of the sgquare of the slope to the intercept of
, the line describing the change in air afterglow intensity with [NOJ.
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l$'$ Iwo major couplications can lead to probleas in using the tachnigue in
(L1 A
J Eq. (24) to calibrate the agparatus for absolute photon-emission rates or for
A5
R . : : : . . 3
'\4 [0] measurements. If the initial N-atcm number density is greatar than about
‘.-
,:n‘ 1014 atonms cm‘3, some Cj spectral features from O-atom racombination will
O .
X " begin %o ke observable above <the air aZterglow continuum, anéd can lead to
;Q) incorrect air-afterglow intensity detarminations (Refs. 26,27). A nmore seri=-
M . : .
NJ . ous proclem, however, lies in the slow rsmoval of O-atoms in a three-body
-
j¢ recombination with NO. The important reactions are:
\l
' N‘

O + NO +M > NO, = M

| o)
:%ﬁ” (ko = 7 x 10732 ¢x® nolecule=? s-! £or M = Ar) (Rei. 23)
"“
B
and
o
>
o
", :
'!':3 O+:102+N0+Cz
o -
L (20) b
.t (k26 = 9.5 x 10712 ca® nolecule~! s~') (Ref. 28)
N
4
o “
3
b Reacticn (26) is fast, and essentially acts to maintain a constant YO nuncer
¥ : e . .
M densizy and to Jdouble the effzctive rate at which C is removed in reaction
) (28). 7This effact cecomes a problem at higher pressurss (» 1.5 torr), longcr
-"f) -
‘54- nixing times {» 3C ms) and Larg2 NO concentraticns (> 1014 moiacules ca™~).,
7
b N
P
;“ ‘ It is just these adverse conditions which give the best signal-to-ncise
WL J g
RE in the calibration experizents. The calivrations for the experiments
A
AE$ descrived in this report were corrected when necessary for the effects of
¢
f':: remcval of O in reactions (25) and (26).

L. * 2 PNRY 1 : i “

T, 2.4.3 N(“C) resonance lanp calibration

R

o

;EF 2.4.3.1 Backzround--As mentioned earlier resonance f£luor=scence

R . . . .

4y was used to detect A(ZD) atons. The laap is of a special desijgn and is shown
3 C e - . - . .

o in Ti3. 18, 7Two crucial f2atures are: (a) the gas inlet to tne lamp 13 near
U

'gk the lazp output and the a3 I.ow 13 out the back; and (Do) the usicrowavs zav.t.
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igure 16, DCetails of the rescnance fluorescence/abscrption laaps
used for N{“D,) concentration measurement.

is situatad so that the discharse plasma extends to the lamp output window.
This ainimizes the dejree of lamp self-reversal.

For the present stuldies the laap was run at 1.5 atorr of He with a trace
cf Ng introduced through a Sranville Phillips calibrated leax valve. This
procedure ansuras reproduciole laap operation, The microwave power Ts fhe
laap was xept at he doderate value of 20 W, These operating points wara
chosen to utilize the results of previous studies (Ref. 29) that reported 3as
teaperatures of ~5600 X in the lamp under these conditions. As is well Xnown
in resonance fluocrescence or adsorption measurements, the temperatures of the

laap and the abzorzing zgedium doth influence the observed sijnal strangth,

“e calitration proacedur2 for the N(20) ra2sonance fluorescence laap in=-

-
-

yolved reiating the 5(2:) Zluaorescence intensity Iy to N(2D) concantr

W

ng

O

mex31red Ly rescnance anserption, Two identical lamps were used, The azsors-

tisn lamap was 21:tached to ftne flow tube oSpposit2 tne VIV acnocnrdnatir whil=2
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flucrascance lazp was norzal tdo beth the monochromator and the atsorpticn

-

lanp. The calibraticn is complicated by the enersy level ztructure of

'
L

as shown in Fijz. 19. Since the 2522p3(2P°) and 2522p3(22°) levels are

s,

Vel
s

)

2 ) . N
connectad to the 25“29235(“9) level, fluorescance at 143.3

[

cortain contributicns Srom zoth 22° and 2D°, The degrae of

-

course, depends upon the ratio of the resonance laxmp intensity

{'kJ 

&
”

that at 143.,3 no, 1In these experiments a dielectric coata2d filter

5

strata) was used 2t the lazp output, The filter rejected 174.3 nno

" .
- -

i,

ing 129.3 am. With the filter in place the lamp output was zeasurad at

F>

-

nd it was found that the ratio of the intensizy a

na was approximately 1 percent.
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*uﬁ As an addiignal CSnecxk 32lactive juencaing stulies wer2 zerforzed 3In
N,
T 2 R S - . . .. - T
{ N{<D) and N(-?;. These exrerxinments wer2 Jone cy addinji CO72 vy a flow oI L{~I;
[ 2 wi2As C a2 ) ; . . ci
& and N(~F). The N{(*D) and N{“?) atoms were producsd in a 2icrowave discharze
1N
v - . N - . : CERN
S of Ny dilute in Ar. The relative coacentraticn oI N(2D) was measuared using
;‘-: . 5 ) ) 2 < 4. . ‘
> resonance fluorsescance and N{<P) was 2conitored using (4P » &) emission 21
“~
' c 2 ~ : = “l
) 347 am. Since the guenching rate of N¢D Dy COp is greater than that for N<2,

¢$ the N<D is selectively guenched. If par:t of the observed 143 no £fluocr2scence
-
‘&3 originates froz the resonance Lamap exciting V(29) atoms, then plots of 1n
'45 CIp(149 am)} versus [COpl and in I(347 am), versus [CCp) should becoue paral-
) lel when the N°Z i3 totally juenched. However, it was observed that the
:f: 143 22 flucrescencs signal was still Zecaving faster than the 327 nm siznal
g
;vﬁ even at the highest flow rates of CCp. It was concluded from the study that
A5
S the apper limit of N(zP) centribution to the N(ZD) f{luorescence signal was
.J less than 3 perczent.
-
;fg Following these systamatic checks, the rescnance laap calibraticns wars
::j periormed. Thase neasura2zents wer2 accomplished by constructing a curva of
{R grow:h for N(%D). A flow of Ny dilute in Ar was discharged in a3 microwave
éé cavity to produce an unknown concentration of N(ZD). Resonance abscrption on
’*5 . +he 149.3 na line w7as used to measura the concentration of N{25). Sinze raso-
i
o nance flucrascence and absorztion display some suttletias in atomiz N thase

o

phenoaena Wwill ce descrived as Ioilows.,

- o -

.4.3.,2 Reviaw of rasonance fluora2scence aad absorpticn--The jen-

[ 8]

-

eral tacanijues of r2sonance absorztlizn and fluorascences hava bkeen descriled

in detail in Ref. 30. <nly the salient features are outlined as follows.

1O

3
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For an isolated line Beer's law is usually written

N
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A" Iy = incident intensity at frequency v
4 . . - = 2 . . s -
(1 ITrans = transmitted Iintensity after transversing the atsording zediuna ‘
‘aUR a distance 2
> . |
e N = numzer Jdensitv of absorbers .
y .
" n . . .
' {D =(w) = abscrpticn cross-section at frequency v
LA )
V) k{v) = acscrztion coeificient at Irequency .
%, X,
bt
,ixi For small atsorptions (Ni(w)l < 3.1)
s
‘i
r:J
i X *rars(u) ~ Io(v)(1 - Ng{v)l) 235
3 '
s or
"u‘.\
)
\a" - - 3 \ - 1 r Y
7 in(I_ /I ) = in T = Ne(v)l = k(v)d (29)
Ty d° Trans 1-A
A wher=2
et
S I -1
A 0 Trans
Az - (30)
‘el I
R 3
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83 Thus, for acsorption at a single frequency the measured fractional
1A
L acsornticn can e us2d to detarmine N, In practica, however, cne <annot 1ei- .
IR e
a{:; sur2 the fracticrnal absorpticsn at an isolated frejuency. Rather, the Irac-
SRS
s : . - . C s .
% tisnal acsorption coverins a Irsguency range that typically 2ncdmpassas the
2,-‘ entir2 absorptisn Line is measured., This integrated fractional absorption I3
s
‘wiah the suantity that is relevant to the present discussion,
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N In this case the fractional absorption A 1s related to the absorption
1A cceificient %, througn
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kK =<, e~ (32)
AV} )
whers2 <5 = the absorption ccefficient at line center, and
2(y - vo)
3 = v inl (33)
lvo
-1 -3 - T
In Z3. (33) ;ujicm }o= (2.287x10 7} L A is the Doppler w~idtn at
fregusncy ug.
It can al50 52 shown that in gjeneral the absorption coefficient iata-
gratad over all {rejuencies is 3ziven by
m 2
. T2
© k dy = — NE£ (34)
‘ ) jrelod
-y
where I is the oscillator strength of the transition, m is the electrzn zass
e is the electrcn charje, and ¢ is the speed of light., If the approxizatiocn
el . ; . .
kK, = XgeT= in Zg. (34) is used, we £ind that
’ 2
Z n2 -e
kg = ‘/" NE (35)
/ ] T ZC
3
tn many sitaations: inzluding the present one, the source of resonance
rvadiaticn (l2ap; aad the avsorzZers (NW<¢D in flow tube) are at 3difisrent
t2ageratures.  This 12 usualily treated using the empirical expressicn
2
. WA
- = .2 ¥ (35)
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o Thus, we arrive 2t an =2xpression for the integratsd actsorption for the case cf
. the laap and abscroer at different temperaturas both teing Coppler zroadsned. .
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N 2"

A 1272 2

= > “kote (a/u)”

g - . ! 1 - e e - 3o

. i, = = ‘

\ 3 Trans - / o

. A = T = 3 (37)
b . -
1y 0 -(a/x2)

ot e dy

- v

dod -

W
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" The actual eaission line shape may differ from the Gaussian fcrxs of

: 23. (37) <Cue to seli-absorption (which prefsrentially affects the cantar of
y . .. . . ; . -
;:; the line) or zonoenergetic excitation processes (e.3., enerzy transizxr Irca
S ’
‘g : Waes : . ; . .
14N metastadla Ar)., Mathematical treatments of these effects have been 3iven Dby

| 4

b’ KXaufzan and coworxers (Refs. 31,32) and by Clyne and coworxers {(Rels, 33-35).
d The seli-atscrztion oodel of Rawlins and Kaufaan3! gives an excallant zatin to
(S Sl

<. O(I) acsorpticn data over a wide range of lamp optical thickness., Hcowevear,
b the iaclusion in some aprlications of self-absorptien (Ref. 36) can be vitally
- important. It will not be considered here since it is not a factor in tha N
’
: experizeats. Monocenerjetic effects are often collisicnally zoderatad ia
[) -

o steadv-3tate line sources. In any case, since only the inta2gral over the line
N is obsa2rved, 3. (37} is oftan an adequate description.

i

~) Izuation {37) can be iategrated in 2 straightforward manner by t2 aethed
'l‘
‘o of 53aussran zuadrature. Hoewever, for the purpose of the present disctussicn,
o
,:z' the Icilowing analytic exprassion for A is useful:
-.-:':
B L]
Yy

o . 1/2
-‘7) o n ] ((OZ)

-t A= 3 (-1 73 (38)
et n=1 , 2.
b ,,-: ni{l + na )

.‘_..4
grie Th2 expressions hold onlily in the case of a single line, Howevar, the 149

o and 174 no transiticns consist of multiplets which ars difficult to mesolve
i
CA fully. For the casz of unra2solved oultiplets (line separation << instrument
v
,:u resoiuticn, an exgrassion sizilar to 3. (37) holds:
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~hera =hne O, razrazent the ra2lative intensities of the components of the
- ; 2 w2 =
miltinlet.  The spectrosccenic properties of the N(*D2) and N(<2) rasonance
SalTiziets zre siven in Tatls 2,
."\ : 3 = . PR . . - 3
SNKY A weiznted avsrarse o the oscillator strengths £or the three unrasclilvad
‘:nf <2z in2nts near Y0 % nm o combined with Eg. (35) gives

-
[) kgi> = .18 x 10713 W (

<3)
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Finally, since . = 3.0 cn
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A deta2raination of <k.i>, thus, 3llows us to calculate ¥ via =

;.' le%

o
Gaussian~quadratures numerical method was used to calculate X3! £rom the

¥
-

observed fractional absorption using 3. (37). A typical calibration plaot of

Iz versus (n{1/1-A) Zor W(“Z) is shown in Fig. 20, Using this calicrazicn
curve 3llcwed us to detarnine {N(ZD)] from a measur=ment of the fluorascsence

intensity Is.
R
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Tigure 20, Plot of N(ZD) rasonance fluorescence signal Ie
versus 2a(l/1=x).

Sadi . 2.4.3.3 Measurezent Technijue for N-{(3) Excitation Fate--Tha 1
". '-
: A actual <aza collaction for ameasureuent of the excitation rate coefficient, X3,

.
%::: consisted of scans of the chemiluminescence due to N2(S+3A) and NF{a-=X). in ]
W adiizion the [N(22)) was cezarmined sach tiame N5 (3»A) and NF({a+X) wers aea-

.8 - : ; ) -
Wi s1red. setaction of all three species were done at one spatial position as
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noted =arlisr. A the measur=2ments just descriced each ac a4

constant o flcw. This was ra2peatad for several Ho flows with all other son-
2 z

diticns held constaant. ™ost runs were Jone using a fixed Hy; injector, tut one

injector. The bath gas pressure {0.7+3.2 Tory),

bath sas species (Ar and He), and flow velocity (1.1 x 103 ca/s to

5.5 x 103 cm/s) were variad in completing a series of runs. The spectral
scans were recorded on a CCMPAQ microcomputer and stored on £floppy disk for

later analysis using the spectral fitting code. A sample scan and ccrr2ssond-

ing £it are shown in Fig, 21. HET(3,0)
NF(a +X), AND
Tin rt I
N2(8 Az, ) R Vi
1.00 - PRI
1
> £.280
) |
= -4
Ho .
= G.36
. f
[S¥)
= 0 j
. 6307 ke (e x)
3 | 0.1 i
3.2C \ !
O CO : \-ll&n b . 13 i ]' LI ] I . T Ll I v L 1 . Iﬁfa‘nﬁf
€40 330 €40 690 740 790 840
WAVELENGTH (nm)

Fizure 21, Chewiluainescence spectrum (thin line) showing NF(2+X],
N-{3»A), NF(a+X), and HF'{3»0) svst2as. The thicx L.ne
trace is a computer £it to tne data derived £frou the
spectral fitting code.

Tigure 21 points out the prominent emission features originating from
the excitad staces Nf(a), NF(b), NZ(B), and HF', During the scans, due to

70,2} band, a large off-scale feature was observed at 32%

This system is nct shown in Fiz. 21 since it was used in the computer fits.

To record, on scali2, a spectral feature several times wmors intense than alil

23tures would decr2ase the sensitivity for detection of the weakar f=2a-

n

cta=y

tures, Rather the (J,1) zand at 500 na was used to monitor [NF(D)]. This

e D ) )
ittt e te e it it




approacn was used so that a complete spectral scan could Ze racordd ising a
single sensitivity setting for an entirz2 scan. The intansity of the NF({5-X) 4
(J,1) band was related to that of the (3,0) band by making caraful scans over
the ranje 325-5370 nm. It was Zound that the (C,1) band was 33 = 2 tixzes

weakar than the (0,0} band.

It is important to note that the NF(b+X) (J,0) band appeared to be much

strongey than the NF{a+X) (3,0) band. This is due almost entir=ly to the

ratio of the Zinsta2in A coefficients for the two states (Ref. 37):

v -1
P o, 43 s
A Sy = —
B A /A = — = 241
P o NF(b) " NF{a) ~1
W Bl 0.178 s
O
e . -
kl\ﬁ In actuality it was found that {NF(a)l/[NF(b)] was greater than 100 for these
o conditions.
Ll
i
( -~
b %
oo
:i.}' The spectral fitting routine utilized the absolute spectral respgonsae
S
AT caliibration data, consequently it calculated absolute number Jdensities for tiae 1
K q
. species N5(3), NF(a) and NF(b). Since v' =0 in N5(B) could not ke detzctad
VL P 2 2
) : .
;E the results are for N{3; v=1-12). The N(2D) concentrations were deterzined
thf separately. A sacple of the results for a run is presented ia Tatle 3.
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To obtain an N5(3) excitation rate, plots of [N5(E;v)] versus [NF{a), x

)
P4
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[N(ZD)I were constructed. A typical »nlot is shown in Fig., 2
& & =
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(&)

NP{a))iN

:“l :‘_‘
LSl e g =

—

i product was varied by nearly two orders of zagnitude. Recall-

RLa(
sl

ing Z3. (15) it is noted that the slope of this plot should e7jual

\ak k3/{Ag,a * KQ). To accurately determine k3 one must determine the production

[£]]

A rates into the individual vibrational levels of N5(3). This stems Ircu Ag,,
b beingy dependent upon v (Ref., 38). The total rate ccefficient, k3, is then

Pamy calculated frox
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TABLE 3. Saxmple Zata Showing [No(3)i, (NF(a)] and [N(22)] as a Function
: Added.

s
[}
H,
-
Ul
to
[

[l Sl

L
[Ny

EPY [NFla)] (N(=D) ) | IN2(3)] | INF(a))xIN(2D) ] |iNg(3) )/ IN{=2}]

?
LA

1.37x1013 | 7.13x10'0 {3.24x1010 | 2.22x107 2.3x1022 6.8x1074

2

3.48x1013 | 7.1ixt01? lal84axia'9 7 2. 81107 2.0x1022 9.9x3i0°%

Xt

2.4x10'0 | 1.3568x107 1.6x1022 6.5x104

T
~J
Ve
o
x
[&]

—

w
(o]}
.
~J
[
[
(@]

2.02x1014 | 7. 23x10M1 1.35%x1010 ) 8.91x108 9,7x1021 6.6%10™%

T,

-

4.04x10%4 | 7.23x1011 1 7.87x102 | 4.7x10% 5,.7x1021 6.0x10"%

| T
Falbr s

2.48x1012 | 1.41x1017 [ 2.92x107 | 4.4x103 4.1x1020 1.5x10~%

' NCTZ: All antries ars in molecule cm™3., The bath gas was Ar, and th2

~ : -
v total pressurs was 3.06 torr.

(10 molecules-cn’)
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I

-10U l 1 |
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. Plot showing linear degendence of "%N»{3)] with respact
the oraduct (NF(a)]x{N(<D)’). Run conditions: pressur
3,20 térr Ar cath zas.
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Using plots sizilar to that shown in Fig. 22, the total excitation rate
coelficient was computed from Z3. (42). Note that we cduld net sonitor v' = 0

e
[

so the X3 is onlv for levels v' =1 to
The detailed k3(vi) are presentad in Table 4. Also shown are the suas,

k3. The total excitation rate coefficients for the six runs ar= tabulatad ia

In Fig. 23 a plot is presented of (N,{(B)] versus [NF(a)] x (N(%Dj] aii

the data collected, The spr=ad in the data is typical of absolute photometric
measurenents and considering that these runs were made under differing condi-

tions and over a p=riod of three weeks, the reproducibility is satisfactory.

Although the data in Fig. 24 do not indicate a discernable degeadence of
fN2{(3)] upon bath jas pressurz or species, the data for the individual rins,
sunmarized in Table 5, perhaps show a slight quenching of N3(3) by Ar and Ee.
At the nighest pressur2 (~3 torr) tine excitation rate coefficients {(progor-

icrnal to (li2(3)]) are ~15 percent reduced from tihe values at the lowest pras-

r2s (~J3,7 torr). In addition Ar may be a slightly more 2:Iificient guenchers

Mot shown in Table 3 are populations for [NT(b)]. As stated earijer

—

NE(D)] was typically two orders of magnitude smaller than [NF(a)l. 1Ia 1ight
of x3 being nearly gas kinetic, NF(b) + N(29) raactions can be discaried as 1

significant source of Ny(3) excitation.

It is to be noted that the spectral region of 374 nm contains contribu-
tions Zrom lT(a-X) and the (2,1) band of the H3(3+A) system, The HF(3,))
overtone eaissicn was in some data observed. Altaough the spectral fitting

routine can tr2at this situation, probleas can arise if the Na(3+3) cr ET
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A JA3LE 4. Measuared <3 Zor v' = 1-12 at Various Bath Sas Frassuras.
‘ Conditions aras Indicated.
‘, Excitation Rate !
:;;‘j Prassursa Coefficient, X . ’
‘ 3uifer Zas | itorr) v! (cm:’-molecu;e"—s'j: !
e ar ; 0.7 1 1.273 x 107!
e ' 2 2.335 x 10-11
<. 3 1.447 x 19- "1
- 4 1.912 x 10-11
3 5 1.612 x 10=11
6 1.628 x 191
v 7 1.546 x 1011
2y ! 3 1.472 x 10-%!
& 9 1.140 x 10~!!
N 10 8.473 x 10712
20 11 5.882 x 10712
o 12 2.644 x 10712
S Sum=1.600 x 10~19 ’
59
»
N Ar 1.36 1 1.220 x 10-1!
! ! 2 2.231 x 10!
! 3 1.3528 x 10~ 1!
- 4 1.304 x 1o-1!
b3 : 5 1.186 x 107!
> | 6 1,226 x 10-11
0 . 7 1.262 x 10'3‘
v ! 3 1.353 x 1o-'!
' 9 9.102 x 10-12
) 10 5.534 x 10712
X | 1" 3.533 x 10°12
\ ! 12 7.047 x 10~!3
v, | Sun=1.379 x 10-10
- .
B | Ar 3.06 1 1.116 x 10=}]
. ! 2 2.313 x 10°11
4 i 3 1.545 x 10-1!
™ ; 4 1.726 x 10~
@ { 5 9.735 x 10712
2 i 6 1.128 x 10-11 .
P 7 1.363 x 10-M1
o I 8 1.534 x 10-1!
s 9 8.365 x 19=12
- i 10 4.086 x 16-12
' i 11 2.448 x 10-12
X § 12 3,771 x 1013
0 ! Sum=1.422 x 19°1%
[} |
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3uffer Gas

Pressure
{torr)

Excitation raze

Coefficient, % i
3 y o=
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2.163
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£ Conditions Zor “Measurements oI Na3)
n Rate Ccelijicient.

3
»
w
-
O]
(913
u
:
[
2]
<
[O3N¢)

gxcitazi

1
i
Time from !
Distance (Z) 2y Injector to | Excitation %
Hy Injector to Cbservation Ratsa |
Flow Observation Port (cam~ - !
3uffer | Pressure | Velocity (V) sort {(D/V) aolecule” - l
Gas {torr) {ca/s) (cm) {1072 s) s~ i
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Figure 23, <Composits nlot of IN»-(3)] as a function of the product
{NF{a)]xIN(4p)] 25r all data collacted; A: Ar bufizr 3as
{5.70 torr), @: Ar buffer gas (1.37 torr), A: Ar wuflzr
3as (3.06 torr), O: +de buffer gas (02.79 torr), @: He
buffar 3as {3.30 torr), O: He buffar gas (2,18 torr)
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Figurs 24. Populations of N-(3;v') as a function of v' for two Ar pressurss.

overtone enissicns ars stronger than the NF(a+X). In that case the [NF(a)] is
underrepresented; the N-(3) and HF' are too heavily weighted., It is a provlex
that wa are atiampting to allaviate. For the present this was circuavsnted oy

o

wor<ing at conditicns whera NFla+X, was at least as strong a her the
3

U
13
I
ct

HE(3,J) or No(3-A) in the ragion of UF(a+X) near 574 nn. The problen was
2 g p

[}

espacially prominant when the 3liding injector was used, Data recorded Zfrca
to 2.3 ms Jownstream of the H,; injector were heavily contaminated with HF(3,0)
exnission. Conseijuently <nly those WF{a) data for t > 2.5 ms were used, It is
significant, however, that when c¢lean NF{a+X) spectra in the region of

2.5 » 10 ms wer2 utilized the data gave an excitation rate for N5(3) in jood
agraement with all fixed Hy injector data. (These movable injector da%ta ara

included in Fiz. '4 and in Taocles 4 and 5.)

The initial ra2sult is juoted for the excitation rate coeflicient, <3, for

Nz{3-A) Iormation in vitrational levels v' = 1+12 as

23 = (1.5 = 0.7, x 10=1) cal-aoizcule”t-s!
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N
'\‘ . . 5 = . : . . .
A where <he e2ryor 13 the Test 2astimate Of the systamatic uncertainties Lanerant
L.
. : . : iAot e
{ } in the zeasurenent. These iaclude the librations for the [N("D}], .NF.ajl,
”
N~ e -~ . - . . R ,
.. and ;Nz\J): diagnestics. Th2 N0/0 calibration procedure introduces 2
~n
- 29 percant 2rror: (23 gercaant Ior the O + NO rate coefficient and 15 zercent
S P 5 :
L )
"N regrocducisility in the zeazurzments of the NO/O titration). The estizmatad
‘;) error in whe N{%C) calibration is ~153 rercent., The reported value <f the
! N
ot NF(a) lifetime probably carries an additional 25 percent error. Compining
|/ . . . - . -
") this wvith the results presentad in Table 5 gives ~42 percent. The apgarantly
?ﬁh‘ larze error is due to the errcrs gueoted in the literature for results that we
have used to raducs Zata.
-\‘
o
‘1 . . k3 2 S . 3
ﬁ' 2.4.3.4 Vibrational ra2laxation in Ns5(3)-=-Since these stuiies wers
\l
A St . . N . .
g perforned at saveral pressuras from 0.7 to 3.0 torr some vibrational radistri-
outicn was obserwvad in the N2 3) manifoid. Examples of this ars shown ia
o
LI , - . . , . . .
; ; Fi3. 24 wner:z the populatiorns {(M¥,,) in No(3)v) are plotted as a function of /!
'.l':', . P : i
o for twe Ar pressur2s. At 3 torr the effects of vibrational reslaxation ar:
Koo s2en, especially for v' > 8., (The bottlenecking in v' = 8 has also be=za
’
. observed in the lslA) enerjy »ncoling work.) A much flatter v' distribution is
K \‘
g - 5
‘o sbserved at 5.7 czrr.
S
AN
v"
o . . . . . . . . A
" A It s ¢l2ar trat the distribution at 3.0 torr is not nascent. Whila we
7) cannot state «ith certainty that the data at 0.7 torr represent a nascans
e
W . ; . Ce s . A . .. .
iﬁf distriouzion it is certainly much closer to the initial distrioution producad
! <
.. -
oS oy th2 NF{a) + N{*I) reacticn. Clearly ocne must exercise cauticn when inter-
“p,
‘ﬁh pretins populatisns in No(2) Zrom chemiluminescence intensity measiurazents.
o
LA

It is of intarest to exanine the individual rate coefficients (kv.) for

S

-

1-53{

s

Nzi3:v) production as a1 f{unction of v'. Figure 25 presents plots of <.

%
<

13

ry

(7]

€

Ui

v!' at two Ar soth zas pressuras (3.06 and 0.30 torr;. Also s2en ar:

e

-
M
n

Ww

cts of viorational rslaxation in the vibrational manifold of J;(2}.

LR I 3
(=]
.
1]
o
"
'
1]
L}

ances Zetw2en the respective K, at the two different pressuras ara:

arantly due 2 vibrational r2laxatian prior to Np(3»A) eaission.
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2.4.2.5 Other observations--The data presented in Taole

interasting relationship between the excited species produced and the azount
of H,r 2dcded. Ia Fig. 26 we plot [NF(a)], [Np(3)]), and {W(“2)! all as = func-
tion ¢f [#zl adde: using the data from Zable 3. The [NF{a)] seezms to realh a

staady value as previously observed. In contrast (W(~D)] Zirst iacr2asas
reasonacly consistent with the greviously measur2d guenching of N

d, (Ref., 33). The {Np(3)] follows the same pattera.

: S s . 2 c e s
Siace N5(3) is in steady state with N(*D) it is expected that at constant

{NF(a), the ratio of [Nz(B)J/[N(ZD)} will be constant. In the last coluan of

Tatzle 3 it is seen that for the first five entries <[NF(a)]>» = (7.1 = 0.2) x .
M R fas_fmy Y 02 . -4 Simi 3 ; s

10°° ¢ca™” and < % (2) /{H(4D)])> = (7.2 £ 1.4) x 107%, 3sSimilar tehavior was

observed £cr all Tins. As expected, the value of [N2(3)]/133;3)‘ depended .

nzen NFlajl, =2.7., for one set of runs [NF(a)] = (1.2 = 3.1) x 1= zu72 and

{No{3) /IN(*2); = (1.3 = 0.2) x 10'3. However, fcr any set of rans with con-
a
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Figure 25. ?Plot of [NFla)l, IN-{(3)) and [N(2D)] as functions of (-

b added. a) Total pressure = 3,06 torr (Ar); effectiva
&Kﬁ rzacticn time = 17,3 wms.
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In the third juarterly r2port i was pointad out that the N,{A) produc-

L _ &

i tion shcwed a strong dependence upon the aaount of H; added to the microwave
NN
;{}, discnarzed NT;. Zhe currant ra2sults demonstrate i similar dependence Ior
- A
::: 9-13) and N{*D2; as indicatad in Fig, 27, ({Also iacluded in Figj, 27 are Zazta
2 for N-{3) occtained by monitoring the MN-{a-+X) systea at 143.5 aa.) Nota that

p]
iZ H; w~er2 juenching N,(3) dirsctly a guenching rate coeificient of

3
_\ii ~1072 z23 aolecuie~! s-1 would be raguirsad to explain its observad decay.
A
s . : . . R
k}: Rather, as stated above H; quenching of J(ZD), the provable precursor to
o,
."‘ ¥-{3), 1s a auch more likely explanation.
.
43
-"l
s The data rresented in Tij. 27 combined with the previous observatioa on
o
XN
-jy NalA) support tiae r2actiocn elwean NF(21) and N(<D) as being the Key excitatian
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the conclusion is that all N;* may be produced by
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23 —
= If-
R ; - 11 =3
~ 4l ® - [NF(a)] (UNITS CF {2+ cm™9)
S ‘ —
— R “ PR -
= O - (N(2D)) (UNITS OF gV o)
=
3 UNIT 167 en3 —
S A - [Ny(B)] (UNITS CF o/ ¢m™)
-
) T - (N-(a)] (RELATIVE UNITS)
5 - 1
G.45 ¢.3 G.75 1.0 1.28 B
(4,1 (1015 em-3)
ADDED
Tizurs 27. Flot of [UF(a)l, (N-(3)], [N(zD)] and ralative (N»s{a)i
as functions 2f [H,5] added. Total pressurs = 3.3 Torr;
r2action %tiae = 15 as,
2uring the coirse of this program other observations have been nade that
are rel=vaat Lo tne2 2otential ¢f the H + NFy reaction seguence as a scurca of
N¥-{Aa}. There is not an estimate for [Nj(a)]. We observed N;(a;v'=3) and
No(3:v'=12) whicn arz both at the pradisscciation lizit of 10 eV, The only
two ralavant r2actions enargetic enough to produce the excitation ars
W(4L) + NFia) = N, v T LE = 10.05 eV
and
S
N{%Z) = NF(Z) » Ha = 7 2E = 10.97 ev
As pointed out above the {NF(D)] is probably too small to contricute sig-

3 i3 exotheraic enough to produce excitation up t> %the pra-
arnd siace proaduction of No® i3 indeed observad all the way
th2re: 3V Se an innerant inefliciency ia the systea with
speciiic Nav states.
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~. ALEZ ra2l:vant 13 27 sgservation Zade wnhils performing scme early survay wor<
'A
{ anohzo AL production. The .2(3) was produced using the Hy + (Ar/NF3isischarge
‘a3 r2action, and w02 No{A-X) Vezard-Xaplan bands were monitored. -1 th2 acpe of

SrIoiIinz oa nlznaer (N-.wADl 3 3icrowave discharge was initiataed in the Ho fiow.

Thne i-oay . was Zeyraded Ty a factor of 2. Although only a gualitative cbser- )
) watlin, Lt aggears tnat i oatoxz gquenching of Np{(A) or a precursor coull te a3
fi 3er.::s grozliesm.  Ths juencning reaction to form NH + H is slightly endo-
:{% TnerTo dowev=zr one j13ntud Of vidraticnal energy in Np(A) would maksz this
:;; SrTSeds 2xXstierTilZ.  Feriags the opening of a reactive channel may =2xpiaia why
%lie Z:t2 agrezri o e 30 Zasc.
S 2.4.5.5 Modelinz results~-A major goal of Task 2 was to Jdetarmine
:; s2veral ey rate coelilicients that could be incorporated into tne couprenens—
] Iive IoIpuatar Zde, A2FA.Y  Tais code has been racently tailored to describe
:; SheZiTilo2xZination oI 2xcitad Np. To aid in the data interpretation scame
‘{ lizpater zodelin: of the 4+ NPz systeam nias bYeen performed. while neot intended
-:} 2> Ze 1 2zapranensive stady, the modeling results described in the Ifollowing
T2Taira is wer: Relpinl in data interpretation.
.
?:: L 4lnetil @oLsel w3s 23ad that integrated a system of first order 3diiisr-
::: 27 Tlal 27i2tiins fivan an itial set of conditions which consistei o aumc=v
) Zen3.ti2s 22 all rslavant sgecies. The model also assumed that all species
;7 ~2re nretixed,  Th: reactizsns considarad and the corresponding rate package
:;: 13 resznte 1o Jasle €. The comprehensive rate package of Ref., 40 was used
--.--
:i LT Toe r23e0l Analr3iz.
o
» lirCe Zana lntersratatlon was a major goal of the medeling investization,
o,
.:: 24T =Z%93r%s 42r2 concentzata2d on comparisons of model predicticns wita experi-
>,
mf; Ternta. 13ta. The most reievant comparisons were temporal profiles of the

i-ezi2: 3f interest, The zasority of the experimental worX monitored N-.(3),

vay and it 13 the set of species that is now consider,
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:” JABRLT 6. Rate Package Used in Modeling 3Swuly
4 *! T
jj % Refarance i
" ‘
[ ;<1;, B + Hn - HF(1) + 4 RC = 7.30E-12 cm3 aciscule”! 37 SN
4 SR + Hy » HF(2) ~ 4 RC = 2.402-11 cad zclecule™! 571 2 0
W 3] 7 + H, - HF(3) + 13 RC = 1.20E-11 o= melecule™! 570 2. 40
¥ L) o NF » HF(Q) + NF{a) | RC = 8.00E-12 ¢z mclecule™’ 37 X K I
o L (5)] 4 + XNF . HF(1) + NF(a) | RC = 3.00E-12 cad moleculs™! 57} Ref. 40 |
N RO - NT; . HF(2) + ¥F(a) | AC = 7.70£-13 cad molecule~! 37! Rez. 20 |
\ NEAREE NF » HF(3) + ¥F(a) | &C = 1.20E-13 cz’ melscule™! 71 zes. a0 |
o P (8) 4 NF, + 4F(J) + NF(5) | RC = 2.60E-13 cm3 molecule~! 57! Raf. 40 |
IEE PRI + NE- ., 5F(3) + NF(X) | RC = 2.102-13 c=® =zoiecule~! 57! naz., 43 |
, 1oyl + ¥F(2) - HP(D) = N(2D) | RC = 3.10E-13 c@d mols:cule~! 57! Zais work
Y TG RFRE- - NFin) o+ H + NF(a) | RC = 5.00E-12 <md molscula~? 37! Rai. 10
Y (12) | 7(2) + NFia) - NF(b) + HF(J) | RC = 8.30E-12 cmd molscule™! 570 m2f. &0 |
W (13) | 27¢3) + ¥F{2)  » NF{5) + HF(1)| XC = 7.50E-11 c=3 aclscule™! 571 R2Z. &0 !
R [(14) | 57(4) = ¥Fla) =+ NF(b) + 4F(2)| RC = 3.30E-12 cad molecule™! 371 RaZ. 40
" l(35)1 Ni%c) » NF(a) » Np(3) + 7 RC = 1.30E-1) cz> molaculz”! 57! Tais work |
5 (16) | #T01) = ZF(1}  » HF(C) + HF(2) | RS = 1.708-11 ca3 soiecule” [EERREFT It
o (17) | EF(1) + =F{2) =+ HF(Q) + F(3} | RC = 2.00E-11 cm> molecule”! 37! Rei. 40
% (18| HT(1) + EF(3) - HF(Q) + HF(4) | RC = 2,20E-1] ca3 molecule~! 571 m2i. 40
. 19y | @ria) + 3F(0) - HF(3) + EF(0) | RC = 4.30E-11 cm> molecule™) 37! Raz. 40
Y (20) ) €F{2) + 4F(3) - AF(2) + AF(Q) | RC = 2.00E5-11 ca’® moiecule™! 57! Ref. 48 .
¢ 21y | 57(2) - 3F(2; - EF(1) + AF(9) | RC = 7.20E-12 cad aolecule™! 37! Ref. 40
- l22) L wegty + 5F(3)  » HF(Q) = HF(9) | RC = 1.20E-12 o’ moleculs™! 57] Ref. 40
oo (233 ] 47(3) + Z » EF(3) + H, RC = 8.50E-13 cad moleculs~! 571 R3z. 43 )
> (24) | HE(3) = Hg » HF(2) + & RC = 3.90E=13 cu3 molecule” 371 Raf. 40
o (23) | 57{2) = i > HE(1) + H RC = 1.30E-13 ca® aciscuie™! s™! Rrei. 40
\) (26) 1 ET(1) = dg » HF(S) + Hj RC = 2.00E-14 cm? aolecuie~! 377 Ra2f, 40 )
) (27) 1 EF(1) - §F; » HF{3) =+ NFy 2C = 1.40E-14 cm® aclecule”! 571 222, 40 |
. (23) =T12) = NF, » HF(1) = NFp 8C = 9.70E-14 cm® moleculs"! 37! mez. 30 |
& (29) | #F(3) - T, + 4F(2) + NFy | BC = 2.508-13 cad nolacule”! 7! Ref. 0 |
- (333 ] #Fi4) = NF- » HF(3) = NPy RC = 3.305-13 <@° melscul2T! 370 Rai. 40
N (3151 wriz) - » NF(X) = v 2C = 4.50E+31 57! 22, 40 !
i: (32 ° NFy, v M+ NF + M RC = 1,00E-30 cxz® melecuie~? 37 Ref. 43 i
e {33)] wPta) + NFs + NF(X) = NFp | RC = 2.70E-16 cm molecula”' 27! Ref. 40
™~ (34)1 ugi3y - » No(A) + av 2C = 1.30E-35 s~! Ref. 38
'\ (35) 1 wNaia) + WALL » No(X) o+ AC = 2,18E+52 s~! Calculated
o (35) ] u(%c) = waiL o+ N(¥s) RC = 2.342+02 s Zaloulated
iy (37) N{(*D3) - iz > N(%3) + 4y RS = 2.30E-12 cad a@olscule-1 3-1 3ai. 33
Ny (33} H(20; + NPy » M(43) + NF3 RC = 3.00E-13 cm3 molacuie~! 37' Tais work:
[ (3%) | N(43) = NFy » NF(X) + NF(X) | BC = 3.00E-12 cm® moiscuie~! 57! Ref. 1 .
» (40} | tzia) = NgiA) o+ Np(3) + Np(X) | RC = 7.70E-11 cm® melecule™! 27! Iais work
- (41) 1 NziA) = liziag > V-(”) + N-(X) | RC = 14.6E-11 cnd molecuiz~! 57! Tais work
N (42,1 Nfla) = WALL » NE(X) RC = 100 s~ odel !
et siracetar,
. - :
{ |
{, fSraliminary Teasiraazent, :
4 ! ]
b
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Ihe model was rmn oy speciiying an initial set of conditions Ior all

o

species concentrations. he rate eguations wer2 then integrated and :he

(o8

snecies concentraticns were predicted fxom O to 10 as at 1 as intervals,

{This range was identical to that of the experimental ruans when the siiding

Initial conditions in the model were chosen to be identical ts those of
the actual experizments. The (Arlg and {Hplj wers measurad dirsctly from the
zmas3 flowmetar resadings. The largest uncertainty in initial condition Jdeter-
zination occurrad £3r [NTsi5 2nd (F] since we had a diagncstic £or nelcther
2f thesae their concantrations werz estimated., The upper limit of the (N

-_

was {NF3lg wnille [Flgy is regquirad to be less than 3[NF3]l. Secause nolecular

=2

ydrogen was introduced intd the flow tuce, atomic hydrogen is produced by the

(AN

"y
+

i

gaction o©

H

As pointed out previsusly, when Hj; is added to the proaucts of the &WF
discharze, [NF(a)] rises then reaches a plateau which is independent of
further H; increases. This titration end point is interpretad to occur when
all 7 has been consumed, i.e., [Hplg ~ [Fig. Examination c¢i the data in this
nannar indicates tnat agproximately four F atoms zust be groduced by the dis-
charje Icor everwv Iive NF3 molecules thal are introduced into the cavity.

The estimate for {[WF;l; is less certain. Since this zodel best Zits the

2
data when {NFoI./{Fig ~ 1/2, it appears that the microwave discharj: groduces

121

zbout a 50 percent yield of NFp Irom the NF3. Note that the discharsa i3
always run at i relatively low power, ~10 W. Wwhen the discharje was increased
to 30 W the NF(a) and N;{(3) concentrations were drastically reduced indicating
that at high microwave fluxes NF) is dissociated. 1In addition as the amicro-
wava power increased, N(43) (detected at 120 nm by resonance fluorescence)

also was enhanced,

In Fig. 23 a comparison of predicta2d and =measured profiles for is shown

HElay, W(ZD), and Nz{3) using the rates detarminad for reacticns 2 and 3.
3iven <hat the estinatad uncertainties €or these two rate coefficients ara --2J0
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L, It is important to not2 that to obtain the predicted proiilss an ezpisical
AN
{ ramoval ra%te £or nF¥{a) has to ze included. The actual source ©f this ra2zoval i3
e . . .
:"i not presentlv understcod, tut wall reactions seem to be an unlikely explanation
pﬂ¢' (Ref. 3). This razmoval of NF(a) is an open Juestion and the gossibility ol a
whe A \ . ) .
.:fa bimolacular reaction zust e considered., More work on this problem is indicatedl.
v )
St
j{ As indicated, the modeling study was completed to aid in data interzreta-
-
v . - . . e
:;: tion. The mocdel supports two important features of the proposed d - Ir;
~ . . - A . : : - S
:V mechanisz. First it is consistent with a two-step production of Ny(3) wvia
reactions 2 and 2 with kK << k3. Secondly, it supports the nhypothesis taat
AN qi2n) iz e imapv sreduce ;
NN N(€D) i3 the primary product of reaction 2.
‘\'r\
v
A
'\i\ Tor coumplateness we alsdo experimentally monitored by rescrnance flaores-
L]
cenca 2t 120 nm N{%3) oroduction from reaction 2. Although not an absolutaely
K
§:$ calibratad diagnostlic the relative N(45) could be easily cbserved. 1In
. . : : A = - : .
g Figure 29 we show relative concentration profiles for N(®s) and Nj3(3) (which
]
- ; . . . s ciday
: 8 as shown previously closely follows [Nz(D)]). It is clear that N\4a) i3 not a
L
‘ primary r=action zroduct and is only formed at ralatively lata reaction tines.,
' R . . ; C s
;}{g Its role ian Ny production can therefore be only aminimal,
L
)
5O
(L
Y In an 2f£fort to shed scwe Iurther insight into the zechanisa for Nz' pPro-
F duction from tne d + WF, seguence we made some computerized data acjuisition
x
A runs raccrding both N5(A+X) and N,(3»A) chemiluminescence. A sample sgectral
e
33& £it of zthe N,(3+A) spectrum has teen praviously presented in Figure 21, In
L
hy . A i . . -
: Fijure 30 we praesant a sizilar spectral Iit for the Ny(A+X) rzjion. In acdi=-
i tion to the Ny{A»X) emissica strong NO(y) bands are also observed; thess wera
! . - . . = ;
ésr alacst cartainly f{rom NylA) to NO(A) E-E transfer. The [N5(A)] number densi-
K0
%u ties we measured ranged from 2 x 102 ca™3 to 8 x 109 cn~3 for a varisty of
S§b conditions. The highest c¢oncentrations were obtained at relatively high pras-
A suras (~1 Torr) where wall losses would be minimized. Typically {N;(aAj]
o™, .
,5: exceeded [Nzis)l by about two orders of wagnitude. This is in jualitative
e . . s e . .
,ic agrz=23ent with our modeling pradictions which has Nz(3+A) emission as the only
il "
)fﬁ scurze cf S:(A). While not wishing to extrapolate the results of these 3tui-
ok ies teyscnd their range of wvalidity, they do support the supposition that tre
1
o
‘}:, deminant zroductioa 27 Ngt4 15 zy N,(3+A) radiation.
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This secticon discusses worX on understanding some energy-transfar reac-

tions oI 2lectronicaily excitad nitrogen., After BSurrows (R2f. «1) deacn-
stratad optically zumped lasing of the NO y-bands, NO{A%DT -- .21), the 13lea
of using M5(A) to pump the v-tands chemically in an enerjy-transfer reaction
followed. The studies on the N;(A) plus N0 energy-transfer reaction hava two
different aspects. First, deterzmination of variation in the electronic traan-

L. . - - . 2 . . .
sition cmozent with r-centroid for the NO(A“~™* -- xzz) transition had to e

-

w

zade. It was fcund that proper interpretation of the energy-transfer rasal

(@]

rejquirad tnis informetion. Sacondly, both the total guenching of Wy(A) by

1+

and tae excitation of ¥O(A2:*) and NO(3%7) by N2(A3Zu*) were studied. The
excitation-rate coefiicients have been zade state-to-state SO that we can

cify the efficiency for exciting each of the NO(A) vibrational levels oy
geach of the differant Ny(A) vibrational levels present in our r2actor. 2ara-
grazn 3.1.2 cdetails the experimental facility used in all thres sets of 1ea-
sureaents under this task., Additional experimental details appear whersz
needad in Paragrapas 3.2.2 and 3.3.2.2.

A major concern ia developing a chemical laser tased upo: enaryy traansfar

toragje s5tat2 cf orne =olecule or atom into a lasing state of anothar

w

&
crea

fu
10}
G

molecule or atom is how large a nuaber density of the excited reservoir 20le-
cules can be generited. The r2servolr nolecules can be destroyed either in
Juencning reactions with other species in the laser medium, or in sell-
gusncaing, oOr 2nerIy-pooling reactions. It has been found that enerjy poolingz
of N:(A) molecules groduces nitrogen in the C3’*u and 383 1 sStates as w211 as
genarating emission {rom the derman Infrared systea, the upper state <f which
has vet to be characterized. Paragjragnh 3.2 describes state-to=-state <inetic
measuarenents of the rate ccefficients for producing various vibrational lavels
of each of the procducts from the various vibrational levels of the pooling
N-(A) molecules

It has been shown previously that active nitrogen excited IF(53T5*) effi-
zienzly (Ref., »). Although the precurscr of the IF(3) eaission unejuivscally

22iid not e Ldz2ntified, thes2 data indizated that N:(A3:u\, x~\337g),
<

\..
~1
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.\’:(31_‘_‘:), N-(a'!I,”), and N(®C) probatly were not tie 5racirsor States.

“

t

Rather, our evidsnca pointed to Wo(X,v) as being the likely precursor stata

with high vibrational levels of the ground-electronic stat2 ol altrogen 3sove
v" = 13 axciting tha2 IF in a vidrational-to-electronic, V-E, transli2r. Parsz-
grapn 3.3 Zescritaes scnme additional studias on the nature of activae nitrsgen -

and i:s subseguent transfar of enerjy to IF. A diajnostic has GSeen devalgcped

2

:‘.\; for vibrationally excited, ground-state nitrogen, and have further characts=r-
19548
"‘-'j ized the energy transier reactions between components in the active niircgen
P
NN and IT,
= :: 3.1 STATZ-TO-STATSI ENERGY TRANSFER FROM .\';(A3:u“, v o= 3,1,2) 0
' AN 1% 2~ — =
SN NO(ACIT, v = 0,1,2)
:J‘:|
-2
P2 3.1.1 Introdustion--The excitation of the NO y-kands in the
'_ enersy-transi2r r2action betwzen lN3(A) and NO is now well astablished
by
- - - e . - " . n N . = -
i( (Refs. 42,44,45,42). what is not welil estaclished is the fraction > %total
o
N No{A)} quenchinj which results in NO(A) excitation, The publisned valuaes of
2 .
e the rate coefficient for excitation of NO(A) by Ny{(A) (Refs. 43,44) ara botd a
..j»_.&: tactor of 2 greatar than acst of the measursments of the rat2 ccefficient for
“ “-' : = . P 2 - ~ ) & - 3 = . L
E._-,_. the d2struction of YNj\aA) by KNC (Refs. 42,43,4%,49,47). The nmagnitude of :ihis
A - . :
',;'-_..' discrapancy Zecanis Iurther investijation, In addition, the state-to-statae
5 ‘,_’
) partitioning teltwsen vidraticnal levels oI the liz(A) pumping reajent and ta=
;:: HO(A) 135 uncertain., <Callaarc and Weod {(R25. 495) claim a strong diffevencs in
]
‘o) .
_&.(: the razio of NI{A) v' =0 to v' =1 exgited by Np(a, v! = 3J) (3.3:1) comparad
¥
g
KA . . , o , . - i I
Ko, to that excited by lzi{a, v' = 1) (1.3:1). 3ome pra2lizminary r2salts frou a
study a nuamber of years ago almed at using NO y-bands as a aonitor of systea
17
™ purity {(Rer, 43) indicats 2 1nuch smaller difference (7:7 and 4:1,

espectively}., It is also not clear if therz is a strong difference in the

&2
55
"

X
.l::. quenching rate coefficients for the diiferent Ny(A) vibrational lavels.
W :
Q.- Dreyer at al, (Ref. 47) ZIound HO quenched Ny(v' = 1) almost 70 percant faster
», " ~ L N .
j than MNz(aA, v' = 0) while Clark and Setser (Ref., 43) and Young and 5:. Jotn
> .
::-\.'J’ (%22, 4s8) say both Na(A) levels ars juenched by N0 with egual efficiency.
-
LA . . . . . s
ol Zansejiently, a carelul investlijation was undertas2n which 1s raported hnevs,
Loty
g )
L]
<
A . .. . . . - .
\5- *Prwsizal Sci2nces Inc., Researth 2ark, P.O. Box 2100, Anacver, MA J13i0.
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3J.1.2 Experizantal--The agparatus 1s a 2-in flow tule puzped v 3

ower/foregunp ccmzination capable of producing linear

X

1
103 ca st at pressures of 1 torr. The Zlow~-tube design

I.'
<
]
(B
<
[¢]
s
ot
b
[19
n
=

Ko
ct
[V]
31

x

L I

is mcdular (Fiz, 21'), Wwith separate sourcs2, reacticn, and detaction s2c%ions

l‘ l"‘

PN NN,

)

which clamp togetnaer with C-ring joint=s. It has been descrized in itz various

:;) configurations & aunber 3 times (Reis. 42-34). The detection regiocn is a

4? { rectangular stainless-stael block bored out internally to a 2-in  ciroular,
:'W? cross section 2nd coatad with Teflon® {(Dupont Poly IFTE #832-201) to retard

;,‘ surface racombination of atoms (Refs, 55-59). Use of a black primer zrior to

) the T2ilond coating reduces scattered light inside the block dramaticaily.

“gh - s o e s ; A . . e e . oy

:a: The olocx nas two sets of viewing positions consisting of four circuler nor:s
:ﬁ; each on the four Zaces ol the tlock. These circular ports accommodat2 vasuum-
':}: ultraviolet (VUV) resonancs iamps and visible aonochromator interfacss, laser

delivery side-arms and a spatially filtered photomultiplier/interfersance fil-

»
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In these experiments a suprasil lens collected light £roa the center of

¥
. the £low fube and focussed it on the entrance slit of a 0.5 m vMinuteman aono-
L
ol chrouaszor which is outfitied with a 1200 groove ma~! grating blazed az 230 na.
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:g’), emission dcwn-
stables (Tig. 32). Codischarzing the Nz with the Ar increases the

2l3c zroduces zome atomic No, vibrationally excited YWy and metastasle

fore, demand that the Np Se acdded downstr2aa Of the discharge.
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d-%aslan enission in flow reactor 3 as Jownstraaa
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.

Nitric oxiZde enters the £flow tube througn a l-in-dia locp inlector z=2at2i

: on the end of a 1/4-in-dia tuze which slides along the botton of the flow tube
and parallal to it3s axis, This allows a variety of reaction distancss Ifor

ceurate <in=2tic studies. Adaing CH,, CFs3d, or CF,

f.423, hcok-chaze injector, just dowastrzazm from where tae N:A 2ntarad th2

£ilw reactor ralaxzl NoA viorational 2x< izi%isn withcut sijnificant alectronis
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al Mass-flow Tetars or rotagatars zonitor jgas Ilow rates. ALl Zlownmetsrs

a3 time inty &.%

o
‘,.- -'.I
et or 12 1 flasks, using appgrcpriate diffsrential pressura transduc2rs (vValiivne2
o
S DP-132) whnich thasaselves have cae=n callitratad with silicon oil or mercury zanc-
I- --~
,jf mecars. ITypical Ilow rates Ior Ar, N, and He through the latecstor ars 0l0-
t
DO 50CQ0, 10C0-300 and 50 .mol *‘1, whil2 the O flow rate ranges Zetwaen J or |
%
a . :
QH: and C and J.91 _.aci s Vosor decay or excitation rate zeasuarzents, rasgec-

"’ 3 b -

n tively. Total »2ressaras, as zeasurad Dy a 3aratron?d capacitancs mancaetar,
. range Zroam 0.3 to 10 torr, and flow velocities vary from S30 t> 2320¢ cnm E
I
gt The numbsr Zanzity of r2actant i i3 3iven by
! .

N
on £z N
B . iT<ot o)
- .{ i = - ~ W —
i -z T
190P i i
e
u;- whera th2 £, rapr2sent reajant 10w rates, Deoe 15 the total Ilow tube pras-
.
e ; . . . - -2 3
i sure in torr, N, Avegadro's anumber, R the gas constant (6,236 « 107¢ torr ca”
N

L3
(]
P

‘--. 3 -— - .
¢ mol™! '), and T the absoluta tenperatursa.
t

et

“..r_'.
-l Nitric oxide Iis purfied by slowly flowing it at atmospheric pressdra N
.':-".
s tiirongh an Ascarite? trap and then through a coid finger surrounied Dy a
), - . -
'w) Jethznol/ N7 slush zath (=103°C). The 50 15 then Jilutez in Ar 2nd the

J% mixturas stor=d in -l Pyrexd Ilasxs. Mixtures o 3-5% NO sufficed for Zecay
=

’ : ra%2 zeiszraents whil2 th2 excitation-rite deterainations rajuirad N0 mol:

»

-
‘Qﬁ fractidns < 137-,
A ~
SVl
, . e T am - ciy Wmmam e A A2=T 2.
-d 3.1.3 The Zlactronic Tranzition Moment for the NO(ACTT . X<7)
l
My Transi%ticn--The is3ue of whetner or not tnere is a significant variatioa ia
i | ]
. . - o . . . 2- .2~

iyl the electronic transiticn zozent with r-centroid for the NO(A“ZT - X¢7) tran-
,
"_ 3ition has been tihe susject £ a2 aunkber of papers over the 1ast sevaval d

3

R - Sy A e s . . . = )

A dacaides .Fefs, 57-73), ‘while a nunber of papers nave shown =2videnca of 2 sij-

AN

et

uiﬂ nificant transitisn-zoment mcment variation (Refs. 27-72), several 3roups hava

-.,‘ . . . .
Lo, dispit2i tals zontantion

L s
D"y 7"

) . the ra2lavant litaratuira,

e ¥ . P . - -~
) *‘ $22:33 "D %e that nod sijnificant transition aomaent variatiasn occurs or <nz N2
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- .~zZanis, Recgsntly, whil2 studying the elactronic snergy transliar Cefwa=n
¥ L N
{ RERW 311'\ and %C, inconsisteacies wers found in NC(A “T7) excitaticn razes
. .
Ny measursd usianj diffzrent zands originating from v' = 0 I a constant transi-
‘I )
o _ o - . . - . P
iy tisn =zczent was inveked., The excltation of the KO w-tands Ty Uz (A T,
¢.-‘ < 3
‘R _ o 2., _
RN aneryy transfisr <2 UC (X “7, provides a source ol v-band emission which Is
AN
) free Zrom other significant cverlapping tand systeas in the sgectral rarizn.,
P
T - . . - . . -
AN It was found that th2 cbserwved branching ratios for transitions ZIroz a zommon
s
~ ridrational lavel In the ugper state cannot be explained by variations In the
‘..‘. . . : < : s :
e Francx-Tcnaon facisrs. Chservations show variation in the electronic transi-
i
tion zem=2nt of acr2 than 40% over the r-centroid rangs 1.13-3.97 1. This con- |
DAY
B tantizn is suppor%t23 in tie fsilowing paragraghs.
TN
I LN
::_..:
NS - e ia e - . . . . .
o Corract transisticn provcabilities Ifor the NO A-X systea oZear dirszctliy i1pon
atzoscheric scienc2 through such processes as the measurexent 2L NO coluan
densizies in th2 mesoghers (Ref. 79) or the interpr=2tation of eziszsions 12 3
strong zarora. In addition, zroper NO A-X transition proobabilities ar2 nseded
to calculate the jaln for various transitions in the optically zuzped N8 A-X
laser. Howevar, proper NC(A-X) transition prcobabilities afizct a wider ringe
o
- . - . . -
- of studias., avar. Eecause =hgy are easy {0 excite, the NO v-bands arz citen
,-,-_:
.:\ used to 2stablish tne2 relative spectral response of acnochromatdrs 1a tne
o
> - = —~ - - . N . . - . .
- A 1ltravisiat (Refs, 73,73, Usin3 incorrect branchinz ratios £:zr the A-X tran-
w) sition will, of course, result in an iacorvract r2sponse fuanction, ana will
S,
‘-:a thera2y invalliiatz 311l oth2r mesasuraxents which depend 190N wna SZeliral
AT s ‘ . . A .
T\ rasnense datarained Irom the v=-dand Dranching ratid zeasur2nenls. Th2 t:2n-
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%] franck-Csnden factor, the cub2 oI the transition freajuency, and tne sJuars of
M ¥
( the elactronic transition moment. Thus
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_'.- yigh V'XV'V" const x “'vl qV'V" NARTALE a(v TR (."")
1
B - .
L - . . :
..~ The trarmsition-zcmentless population in the uprer stata2 Is than detarminsd
\ - . . . N =
frcam th2 ratio of the integrataed band intensity to the product 2% the
»
]
- = N -
> Pranck-Conden Z3ctsr and the cute of the transition freguenc
- ™
W
e
... * V'V" , - 2
. - - - ! +
oy BARTAl 3 JV‘IRe( V'V")i (“")
qV'V" v vign
T Ine ratiss oI rhesa transiticn-gomentlass populations to each cother 3noull Te
-'.: ~ -
S constant anless =ii2 transiticn momeat varias with r-centroid, The zrelative
vy
N : : : . C s s . R - o . -
; variaticn ia the transition nozent with r-centroid resulcs from the razis of
o . . . . . . - . .
v the varicus xzedeatl23ss gogulations to one raference gopulation, 3caliang the
A
ol : N ;= .
e r2lativa transizion aoments to experimentally determined lilatiae or
o
S
f:: cscillator-strength data 15 then a relatively siuple process. The sgectral
D -
" . . . . M
{ raspense fanction of the acnochromator/detector systewm was accurately Cali-
.‘3 orat23 and verilied oty fitting the N3y (A-X) Vegard-raplan transition f£2atires
\
% Jhiza cozurs in tae sadme sgectral ragion, ’
N
Lot}
o

t was dect2rainad that transition-azomentless populations 2% the tZands

¢
7
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[ ™o = - . . . . = .
nj 2manating fron v'=J and 1 using pectral fitting routine for =2ach v s2juenca
. frzca v o= 1 o Lv = -5, The fitting routine corracted Ior srectral overlan
,
~
» . : ] ~ . : 0 3 2 es ] :
k.- Cetwz2n the transziticns for v' o= 0 and 1, The Ifit included diiferent efizctiva
‘o
L . . . : . P .
® rstatisnal tzngeratures for the two vibrational lsavels. Each of these populia-
N tions w7was raticed to the ones Jetermined Zor the Av = -3 sasgusnce. 7This
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t:- seju2nce 13 in the aiddle of the wavelength ranjge for the band svstea ang,
1o thaus, should a.nlailzZe any systaagatic errors in the relative zonochromator
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Trzure 33 3a0ws the electronic transition modent rslative TO 1SS Vaoa2
Stro oo s = =3 zzj:2n%e sloti2d ajainst r-ceantroid. The variation Is smill,
s sIns_stent, T saroush the lv = -3 seguence, but rises zuch 20re Sharnly
Sir =es e o =2 3zxzences. The diazonds in Fig. 33 show our r2analysis of the
crancninierati> neasurezents of cGee et al (Ref. 77). They excited NO(A,
' = . wyza a laser and ragorted relative zand emission intensities. Thelr
re5:l73 21res Wwitn curs, Finally, the transition zozment variation was cca-
Sl:=ei.  Tnis warration was jiven Dy Brzozowski 2t al. (Rel. 71) who observsl

1.3 amizsion LA 2lectron-cean 2xcited NO during studies on WO

Tr2IlsczooTiation.
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ng tais fuanctional forz for the relative transition moment, we determined 1

smooth2d set of Tranching ratios for emission from a given upper stata as

being

uct of the branching ratio for the given band to the total radiative decay

rate of tha upper state vibrational lavel, The average o nine apparentl

valze of (202 £ 12) ns (Refs. 74,76,84-90). Eight different dete

3 - Vi 2
SR Gyrye Y v".r"ERe(r\,"v"/i rel 5)
2 = =9
V'V" - 3 IR (; )|2 !
;" Quryn ¥V yrynl et giyu rel

Zinstain ceoefficient for spontaneous radiation from each cand is tahe prod-

e
<

e

the fluoresc=nce lifetime cf NO(A, v' = C) gives 2

[s))

b
tae v' = 1 level 3jive a value of (192 = 14) ns (Refs. 76,34,85,83,52,31~

In both cases the error bars represent one standard deviation. Tabile

lists the EZinstein coeificients for eacn band.

wherz m, is the elactron nass, e its charze in esu, ¢ the sp

rh
Q
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o
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Zquatiosn (47) relates the Einstein coefficient for a given v'v"

3ition to the absorption oscillator strength:

@
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"
[
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U
ot
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O

transition wavelength, and &, and &; ar2 the elactronic Zegan2racies ol
per and lower states, rasgectivaly. These last antities are 1 and 2

A7 and X7, respectively. Applying the Einsteia coefficients to

h

crption oscillater strangths for the 0,0 and 1,3 bands o

s
) x 19~% and (8.2 = 0.6) x 10“4, respectivaly. These wvalues ajrae

quits well with literature measur=ments of (4.03 =z 0.22) x 1074 for the 0,0

transition {(five diffarent exgeriments) (Refs. 94-98) and (8.26 = 0.48) x 10°4

for the 1,0 transition (three different measurements) (Refs. 95,37,%8). Thus,

the transition aouent Ifuncticon satisfies the ioportant crita2rion that the

1if

atine and assorItio me3siiranents be consistent,
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Tinstein ccefificients have been calculated for v' = 2 assuming tha tran-
"sition =cment variation of E3. (43) and a radiative-decay lifetime for v' = 2
of (182 = 1J) ns (Refs. 76,84,35,88,33). 3ecause transition mzcment wvariation
was 2xtrapclatad to ragions outside the fit, the transition provabilities Irom
7' = 2 ara less rel.able. This may Ye reflected in the modest disagrasczent
betwe2en the absorption oscillator strength of the 2,0 band calculated Zrom the
transition probabilities given in Table 7 of (8.1 * 0.4) x 1974 and the exper-

imental value cf (3.8 = 0.2) x 10™% (Refs. 77,79,8C).

Tigures 34 2nd 35 show a comparison between the observed and the
synthetic test it spectra for the case of no assumed traasiticn zoment varia-
tion, and the transition zoment variation deteramined in this work. <Clearly

including the transition nmoment variation makes a significant difference ia

the zuality of the f£it, A poor fit could also be the result of naving an
incorrect relative monochrcmator response function, In tnat case analvsis for
the transition ooament function would also be invalid, This does not appear to

e a significant problem in this work, however, because of the accurate fit of

the Vegard-Kapian bands of nitrogen over the saame waveleagth region. Iz addi-

A
{ : tion, the cgood zygr2ewment between our own results and those of the two cther
24
: T ~ - . N . "
,4§§ groups alluaded to previously (Refs. 71,77) confirzs that the wavelenJth
B
e 3% respcn3e function i1s accurat2.
3.1.4 Tha Xinetics of the N5{A) Flus WO Reacticn-~Completz characteri-
zaticn cf the ensrgy-transfsr reaction between Np{a) and NO,
3.+ L2 2. . .
N_(ATZ ) + NO(X"T) » NO(A'Z) + dN_(x) (43a)
2 u 2
;. ‘ + other channels {(43Db)
-a*v
‘.t':'. z 2
’ HO(A ZT) » NO(X 1) + av (13
', -
LA A ; . A et - Py ; o
g involves measuring poth the rate coefficient for r=2moval of N-{(A) by 0O and
4, P
:";c the rats coefficient for the excitation of the NO v-bands in the enerzy
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34. Experimental (light line) and synthetic {(heavy line) soectrum

for the NO v-bands assuming a constant electronic

transition czooent.
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of the NO v~-rands using

the electronic¢c transition-mozeat finc-

ticn Jdetermined in this

#ork. The major remwaining areas of

discrepancy tetween the
313 am result primarily

t¥0 spectra at 260, 276, 294, and
from swall additions to the experi-

zental spectrum from the 93,5 through 9,8 sands of the No
Vejardelaslan systza whicn were aot included in the

synthetic £irf,
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transfer reaction. The rapid vibrational relaxation of N>(A) 2y molscuales
< 2

such as CFy, CF3d, and CHy, with no accompanying electronic gjuenching

—

Refs. 7,66) allows us to alter the vibrational distributicn of the N3(a).

This zakss state-to-stata measurements possibile.

3.1.4.1 The Quenching of N5 (A 3:uf, v! = 0) by NO--Measuraments

of the rate of removal of Nj(A) by NO are .not so easy as corresponding mea-

surazents of W,(A) quenching by other molecules. Ordinarily, one follows

N> (A) number density decays by monitoring the Vegard-Kaplan emission

(Refs. 7,50,51). The extremely bright NO y-band emission in thne same ra2gion
of the spectrum however, masks the Vegard-Xaplan bands. The v-Zand emission

is a3 sensitive tracer of the N,(A) number density.
The differeatial =quation describing the rate of change in the NO(A2:°)
numter density with time is
SINOMANE [N (A)I1INO(X)] = k. [NO(A)] (30)
dt 43 2 49

The NO(A) is in steady state in the observation volume because the lifatiae

rh

of NO(A) is short compared go the time a moleculza resides within the field o

view cf the detecter. Thus the intensity of the y-band emission is

I . = NC* ] = ; [ 2 {3
Iooe = Kyyl¥eri = &, [N (A)][NO] (31)

Jpon rearranging this egquation, we relate the nuacer density ol No(A) in the
observation volume 0 the ratio of the rv-~band emission intensity and tne O

nunker density:

INO*

X .. (NC]

[N, (a)]
2 43

The differential equation describing the decay of Nz(A) in the r2actor is

diNs(a)] . °
—————— = -} N H 'N
dt (‘48( o5+ ‘wall) - Z(A)1 (33)

BOOCBONSOCARD ok % .u?% s, i CNOCOOONONON AT N80, ) S T VT 2Ty R g e 1T e 48y
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D whers X, i3 tn=2 Zirst-orier (pressur2 dependent) rate coefficient Zor N-ia)
* Ja—l - - -
{ . guenching in wall collisions. 32ecause the NO number density is typicalily
‘o6

e several crders of magnitude greater than the No(A) number density, it can Se

¢ .

-~ . . .- ; : . -

h”ﬁ assumed that the NO number density is a constant (the pseudo first-order

3 }

ﬁ acproximation). This acproximation leads to an analytical solution 2

}.,,}‘ Eq. (33), viz,

)

O . .

Qﬂf IN_(Aa}] -

0y in — = ={x _[NO] + & ) z/v (34)
" N_tAa, 19 48t wall 7
"y z

00

where we have replacsd the reaction time by the ratio of the distaace fronm

) . c s . : . s .
"ty flow %tube iniector > obssrvation voluze, 2z, to the bulk flow velocity, in
1ol
;dg the reactor, v. Inserting £3. (32) into Eq. (54) gives
i
)
I, .+/{NC]
o Ly . . : - -
A in ——————— = -{x, _I¥o] + x i z/v (23)
S 1° ’[VO]O - 48 wall/
S N/ M
et
s
-
T . . ) . - ;
v Eguaticn (53) shows that measur=2nments of the logarithm of the ratio ol y-band
x .
intensity to NO number density as a function of NO number density but with
1] ) . . C 1+ . : o . , -
‘jﬁ €ixed reaction tize will give a linear relationship with a slope of =-kga 2/v.
o
X} Such zeasurements at several different reaction distances, under otherwise
st
. const2nt conditicsns 3£ pressure, temperature, total flow rate, etc., will
ﬁ) corract for noninstantaneocus wixing at the injector. The results naust farther
s
Ry be ccrrectad by 2 factor of (0.62)"1 to corrsct for the coupling of a radial
0 . : s ; R 5 . : , R
: Zdensitv jradient in N2(A) numbder Jdensity with a parabolic velocity pnrofile
)
Wy (Refs. 23-108).
E;Q;O
B4 . : . s
'$" As sncwn previously (Ref. 50) rate coefficients measurad using a tracer
ol
f. can be seriously in error iZ the tracer is sensitive to several different
I 0
O
35: Nz(A) vibrational levels, each of which quenches at significantly different
e rates, the N;{A) vibratiocnal distribution has been relaxed to only v' = 0.
) .
)
af Cr;H, CF4, and CH,y all wers used to relax Ny(A) to v' = 0, As expected, the
& . . . L )
ol results wer:2 invariant with relaxation partner.
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1r2 36 shows a plot of the ratio of the natural lcg of the y-cand

—

intensity to the NC number Zdensity as a function ol the NC numter density for

R

several different ZJistances btetween the injector and observation voiuzme. The

LS
ALY

linearity of these plots is Juite good, extending over zore than two criers of

- ?
T

[a}

"lJ

o

[19]

()

o

n

R
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»

magnitude, Figurz 37 snows 3 plot of the slopes of the lines in

two other se of data not shewn plottad as a function of the r2action time,

ot
W

The siope of this plot, when divided by the radial-profile correction factor,

o
LW

A
A0y

N . . p - v f

S&ﬁ 0.62, gives the rate coefficient for quenching N,(A) by NG, Note the nonzerd
SENE o as . - . ) -

o>, intercept, indicative of the finite time required for cooplete reagent

mixing.

£l 2
K Ao A A

-

A number of experiments spanning a range in total gas oressuras IZroum 0.7

‘5ﬂ. to 3.7 torr and rzaction times from 11 to 124 ms, and using several diffzsrent
_. NO/Ar gas =mixturss all gave consistent rasults for the rate coefficient Zor
s‘.-‘
~ 8 M3(A, v' = 0) guenching by NO of (6.6 = (.8) x 10°11 cm3 aciecuie™! s™7. 1The
G0
j},:, quoted errxor estimate is one standard deviation in the averagiaj process. The
Y, '~. '
“ . : 2 P : : \ : . .
: 14 total experimental uncertainty, including estimates in the uncertainties in
L 4
? e the calibraticns of the flowmeters, pressure gauges, etc. is abocut 15 per-
Loy - ; . . . .
o cent. A few decay measurements in which the Ny(A) was not vibrationally
o)
S . . . .
L n relaxed gave decays only siigzhtly larger (<5 percent) than those measurad
N ~
v for the ralaxed ¥Woia). It is inferred that NO quenches vibrationally eucited
~) No{A) at a rate similar to that for quenching v' = C.
||""
"
)
P
‘s W The result disagrees marXkedly with Dreyer and Ferner's reported vaiaes cf
§ 1A -1 - - ..
:ég. 2.8 x 1o-1i cm3 rolecule~! s~! also for v'=0 (Ref. 47). We agree with <%ne
7 recent rasult of Shibuya et al. (Ref. 107), (6.9 * 0.7) x 10-1"1 e molacule™!
P -
},; s", and also guite well with early measurements by Callear and Wood
>
ot = - . - s
s (Ref. 45), 8.0 x !0-!1, Young and St. John (Ref. 44), 7.0 x 10='! d:ill a2t al.
il o s - . , . a1
it (Fef. 42), 7.5 x 12°!'! and Piper (Ref. 43) at 196 K, (9 = 2) x 10~'', Mandel
A4 - - - .. - s . .
e and Ewing's (Ref. 48), rate coefficient, 4.3 x 10 1 appears to pe discordant
At 3
23% with the rest of the literature. All the rate coefficients are in units of
g 5
"' cm~ :c;eculé'1 3= - - : . 4~ D " a 2.4
AR~ ST, All measur=23ents excepting Creyer and Perner's cused
O A
VL tracer technigues, and were not state specific, As has been pointsd osut, how-
W. s :
bg?; ever, our meisir:ments indicate that the quenching of N;(A; oy NC dees notn
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show a strong dependasnce on the Ny(A) vibrational level. Callear
and wood {R2Z., 45) also rzachad this conclusion when they attampted to r2lax
N2(A) vibration with large additions of helium to their flash chotolysis

systaxz,

-~

3.1.4.2 The Excitation of N0(A%c*, v' = Q) by N,(A3T, %, v! = I)--

We have determined the rate coefiicient for excitation of NO(Azz', vt = ) oy
measuring the incr=ase in the intensity of several bands orijinating £r2a

NO(A, v' = Q) as a function cf added NO number density but for constant No{a)
number density. II we note that the YN;(A) number density is the intensity of
the Vegard-¥aplan btands divided by the Einstein coefficient (Rei. 108) Iox
spontansous radiation, we can rearrange =3. (31) to give the working eguation

for the analysis.

IVK
I x =X — [NC] (39)
3a
NO 43a AVK

Cne convenient feature of this analysis is that the absolute calibrations
for photon-exzission rate measurexents of the two intensities cancel, and only
the ralative spectral ra2sponse is important., Thus, the intensity measurazen

do not introduce significant potential sourcas of systematic error. In crac

tice, total Vegarz-Xaplan inteasity was determined from a spectral it tc the

whole zand system. We tnan aeasured th2 change in the peak intensity cf one
of the zands of ld(A) as a function of added NO nunmber density, oeirag carafol

to xe2g added NO number densities below the range giving significant Na(a)
quencning. Multiplying the peak intensity by a correction factor zave the
total integratad intensity under that zpecific band. Dividing the integrated
intensity by the acpropriate branching ratio (Paragraph 3.1.3) datermined the
total exission from UO(A). Cbservations were made on the 0,1, 9,4 and 0,5 v~
bands. Under the experimental resolution, the 1,5 and 1,6 bands overlap the
0,4 and ¢,5 v=-bands and, thus, contribute to the observed emission intensity.
This small contridbution was subtracted from our data. All three of tne
observed y-bands jave excitation rate coefficients which were identical witain

axperimeatal arror.
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Figure 338 shows that the intensity of the 0,1 band inc ses linsarly

with added NO number Zensity in accord with Eq. (56). A nuacer of such exger-

iments yielded a rate coeflicient for exciting NO(A, v' = J} by Ny(a, v' = J)
of (2.0=22.7) x 157! cm3 meiesuie”! 3'1, where the error tars reprasent ta2
total 2stimated statistical and systamatic error. The major contribuzion o
the uncertainty is in the 20 percent uncertainty quoted for the NoiA) Zinstein
coefficient {(Ref. 133). Variations of greater than a factor of 5 in prassur=z,
and of acre than an order of magnitude in N3(A) number density jave coasistent
results. The distance was varied betwz2en the NO injector and the oosesvation

region to insur2 tihat tne NO was fully amixed. In addition using Xe* =+ X as

rh

the N5(A) source, and using several different NO/ar gas amixtures did aot

change the results.

Relatively high resolution scans over the 0,6 and 1,7 bands as a function
of prassuxrs betwe=2n J.4 and 10 torr showed that the ratio of NO(a, v' = 1) to
NO(A, v' = 0) excitation by Hz(A, v' = C) was 0.94 * 0.06, Fig. 32. Spectral

scans between 200 and 400 nm indicated that excitation of NO(aA, v' = 2) and

NO(3, v' = J) were soth > J.003 as compared to NO{A, v' = 0). Thus, the total
rate coefiiciant Zor NC excitation by N2(A, v' = 0) is (10 = 3) x 1074 223
-1 =1
Tolacuile 37,
1.4.3 ZState-io-3tate EIxcitation of NO(A, v' = 0,1,2) bv

N~(aA, v! 0,1,2)--A number of spectra of the NO y-bands and Ny Vegard-rfaplan

bands were scanned with fixed MO numbsr density, but with varying CF, nunktecr
dznsity and, thus, varying Y,(A) vibrational distribution {(Tizs. 40 and 41).
Tne total N2(A) nuaber Zensitly changed little over the seri2s of experiaents,
but the vibrational districution chanjed froin one in which more than half of
the N;{A) was vibrationally excited to one in whch well over S50 percent »f the
Np(A) was in v' = 0. These measurements therefore tracked hcw the NG(A)
vibrational distribution changed with changes in N3(A) vibrational distribu-
tion. The observad intensity of a given NO(A) vibratiocnal level can be

expressed by

z = <. [NJATL ¢ NJA], + N (NC] 57
w0t T oy DA Sy DAL r Ry, [NAL (e (37
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whera the subscrizts on the <'s represent the vibrational level cof the (i)

and NO(A), raspectively. <CFy vibrationally relaxes No(A) in lv=1 tra

and relaxes v' » 2 auch amore eificiently than it does v' = 1 (Ref, €4). Thus,
for small CFy additicns, the v' = 1 number density stays relatively constant,
and prizarily v' > 2 13 quenched. TFor zmoderate to nigh amounts of vioratiocnal
rz2laxation, therefore, only N3(A) v' = 0 and 1 rs2zmain in the reactor and
further ralaxation peyond that point changes only the ratio of v' = 1/v!' = 0;

thus ZgJ. (37) can be simplified and rearranged to jive,
3 P 3

-

“NO* [N.A
Y o= x. +x, —2—m
Tov v [N.A

Y (NO] (53)
2772 20

TN
The ratio of the slope to intercept of the linear plot implied by Zg. (353) will
give the ratio of the rate coefiicients k4y/kgy. Figures 42 and 43 show that
this linear relationship does indeed obtain. Using the results for v! = 1
excitation derived from th2 noderate-to-high relaxation data, we can subtract
out the contribution to observed excitation from v' = 1 for tae data showing
littile relaxation and thereby probe contributions from v' > 2. 7The workingj

equation then becoaes

Tyor (9,3, (N_A]

— - x, —=— [NO] = k. + k, -———= [NO] (53)
N2 v (N_A N

0 ZA‘O 1v 2% 5 v 2v [L2AJO

Figures 44 and 45 snow the linear relaticnship implied by this eguation, and

the ratio of the slcpe to intercept Irom these plots gives the ratio Ko, /X:y.

[ 3]

Recause excitation of NC(A, v' = 2) and NO(B, v' = Q) were such ainor chaniels,

AY LN

[/

only their contributions to the total excitation were estimated by nea

(%1

the integrated intensity under the 2,0 gamma band and the 73,7 zeta zand i
several spectra in which the N3(A) was vibrationally excited and sevsral - .:
in which it was relaxed. Thus, oanly an excitation rate coefficieat . -
for excited and unexcited Nj(A) for these two states. Tabkles 3 L. - -
r2lative excitation rate ccocefficients for the state-to-s5tat2 -.

wo(a, v o= 3,1,2) and NO(3, v' = 2) by Na(a, v' = >,

oy~
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_ (N (A= 1)1/(Ng (Ay'-0))
Figure 42, Excitation of NO(A, v! = 0) as a function of the ratio of

No(A, v* = 1) to No{A, v' = 0),
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= 1) as a function of the ratio of

£
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w4

{
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faf TABLE 8. State-to-State Relative Zxcitation-Rate Coefficients.
ik .
i.' :
3$ﬁ Ny(a) v NO(A) v! = o} 1 2 NO(B, v' = Q)
T
I
*‘j' 0 1= 9.094 * 0.006 0.003 0.0032 + 02,0007
\
8 pat
0 1 1.11 * 0.07 0.22 + 0,03
4".53 0.024 0.033 = 2.007
;}zy 2 0.2%3 = 0,07 0.32 + 0,03
; >
. *1 = 9,0 x 10°'! c23 polecuie~! s~!
el
A
B
N
3»& 3.1.4.4 Discussion--If the energy transfer between N;(A) and NO
s proceeds only through exit channels of radiating NO states, then the rate
.T? coefficients for N,5(A, v' = 0) quenching by NO (6.6 x 10=11 ca3 molecule-!
‘;ﬁ s~!) and for NO(A,B) excitation by No(A,v' = 0) ((10£3) x 10=11 cm3 moiecuie~!
&) . '
; » ’ s~1) ought to be the same. The lack of congruency between the two measure-
T ments i3 socwewhat disturbing, even though they do overlap slightly at the
xdﬁ extzrene limits cf their raspective error vars. An attempt was wade to cross
5;3 check 3Jata carefully, and to vary the experimental conditions over a fairly
0t wide range to find systematic trends which mijht explain the discrepancy.
.3 None were found. The conclusion, therefore, is that the Einstein coefficient
)
ol for the MNy(A-X) transition is in error by about 30 percent (it should be
LA
1
'"i smaller).
i
::r The experimental deteraination of lifatimes on the order of 2s is
ﬂr extrznely difficult and have zmanifold uncertainties. The accepted value of
¢
%5 the Einstein coefficient for the N;(A-X) transition rests upon absorption aea-
X
e surement3 by Shemansky in the vacuum ultravioclet (Ref. 108) and his reanalysis
’N' (Ref. 109) of Carleton and Oldenberg's absorption measureaents of Ny(A) in a .
3 L4
rt& discharje (Ref., 11J). His analysis requires a long extrapolation of the
"~
4
2w
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0
I
:&Q: _transition-momen: Sunction with re-centroid from the region encompassed oy hils
ﬁ!. absorption measurements into the region of r-centroid sampled by the strong
”fﬁ transitions from the v' = 0 level. He tied this extrapclation tJ the lifetime -
fé& for the v' = 0 level derived frcm the Carleton and Oldenberg3 reanalysis.
'?t Carlaton and Oldenperg (Ref. 110) attempted to measure simultaneously the -
%?3 absolute photon-emission rate of the C,6 Vegard-Xaplan band and the absolute
(;;3 nunber density v' = 0 level of the A state via resonance absorption cn the 1,0
¥}~f transition of the first-positive system (N; B=-A). Assuming that the experi-
; mental observations of Carleton and QOldenberg are accurate, and that
i Shemansky's re-analysis of their observations is correct, then their derived
3'2 lifetime Zor No{A, v' = Q) depends directly upon the accuracy of the lifetine
’g{ of the v' = 1 level of N3(3). While the recent lifetime measurements of Zyler
A and Pipkin (Ref. 111) on tie radiative lifetimes of Ny(B, v' = 5-12)indicate
Jﬁ‘ that the transiticn probacilities of the first-positive systam given Dy
’;ﬁ Shezansky (Ref. 112) are essentially correct for v' 2 3, we do not feel conii-
; : dent that 3Shemansky's transition probabilities for the three lowest levels are
5? necessarily accurate. The transition probabilities for these three levels
i depend predominantly upon an extrapolétion of the electronic transition-moment
: ] function which Shemansky derived from relative intensity measurements of tands
{i with r-centroid vaiues between 1.35 and 1.6 & out to r-centrcid values as ’
i; small as 1,0, This is generally a risky procedure. The recent ab initio cal-
ﬁﬁ culations of the zransiticn-zoment function by Wernervet al, (Ref. 113),
;?{ Yeager and McKoy (Ref. 114), and veiner and Ohrn (Ref. 115) all show a much
*" slower increase in the transition moment to smaller r-centroid than is given
§§; by Shemansky's extrapolation (Fig., 46). The lifetimes Werner et al., calcu-
e late from their transiticn-moaent function are consistently 16 percent larjer
iak than the lifetimes measured by Eyler and Pipkin (Ref. 111), ktut the ralative
;ﬁé variation of their calculated lifetimes with vibrational level matches that of
?3: Eyler and Pipkin Juite well. They also match the relative variation in the
:tz lifetimes measured by Jeunehomme {(Ref. 116), and by Carlson et al, (Ref. 117) .
?57 and those caiculated from Shemansky's transition probabilities for V' > 4.
;éy. They deviate markedly froa the experimental results, however, for the lowest
:ﬁd' vioraticnal levels, with the calculated lifetimes of Werner at al,, beiag
u'n somewhat longer. If we reduce the calculated lifetimes of Werner et al. by
0
x'-':
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Tijure 46. Electronic transgition moments for N2(332; - .\33{).
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16 percent to make them coincide with Eyler and Pipkin's =zeasurements for the
high vibrational levels, a lifetime i3 obtained for v' = 1 of N;(B) of 9.5 us
in contrast to the value cof 7.8 ys which results from Shemansky's transition
procacilities, Thais large a change in the lifetime of the B8 state wiil reduce
the transition probability for N3(A, v' = 0) from Carleton and Qldenzerg'
experiment by 20 percent. This reduction would then bring our quenching=- and
excitaticn-rate measurements into reasonable agreement., Taking the ab initio
transition prcbabilities at face value would result in a Vegard-Kaplan transi-
tion probabiiity about 40 percent smaller than the currently accepted values,
and would bring the two measurements into almost perfect congruence. The
other theoretical treatments agree with Werner et al.'s calculations. The
lifetime of N2(B, v' = Q) measured by Heidner et al. (Ref. 113) via resonance

fluorescence is also somewhat larger than given by Shemansky's extragolation.

A reduction in the transition probability of N3(A,v'=)) state cn the
order of 20-30 percent would still give a variation in the absolute transition
moment of the A--X transition fully consistent with the absolute measur2aents
of Shemansky that sampled smaller values of the r-centroid, and the relative
transiticn-moment neasurements of B8roadfoot and Maran (Ref. 113) whish saaopled
larger r-centroid values, taose sensitive to the Vegard-Kaplan traansitions
frcm ' = 2 (Fig. 47). We feel that good experimental measurezents of the
relative transicion-moment variation of the first-positive system which saapie
smaller values of r-centroid are imperative to clear up this confiict. This
will rajuire reiative intensity measurements extanding out into the infrared

to 1.3 .

The measurements on the vibrational-level dependence of NO excitation by
No{A) show that Ny(A, v' = 1) excites NO(A,B) about 25 percent more efficient-
ly than does N3(A, v'=0)., Ny(A, v'=2) however, is somewhat less efficient at
exciting N0 transit{ons. The reduction in observed intensity of WO(A,2) Zrom
excitation by N3(A, v' = 2) could result frow one of three pcssibilities.
First, the juenching efficiency could be smaller. Second, the more aijzhly
excitad YNy(A) can access higher lying levels of NO(A,3) which might be colli-

sicnally coupl2d into other states of NO which do not radiate or 2uit cutside
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Figure 47. Variation of electronic transition moment for
No(AST, " - X'T.%),

the spectral bandpass, such as the biz= or a1 states. The taird possitility
is that some of the encounters between Ny(A, v' = 2) and NO end up dissociat-
ing the NO. Only vibrational lavels of N;(A) 2 2 have sufficient enerzy to
disscciate the NO. Atom production from this interaction has not been

attaupted, but such measurenents would confira this possibility.

The difference between the excitation rates of Ny(A, v'=1) and
NotA, v! = Q) is not sufficiently great for us to observe significant changes
in Jdecay-rate measurements invoiving vibrationally excited and unexcited
No{A). Given a typical v' = 1/v' = 0 ratio of 0.6, we compute that the effec-
tive decay rate would increase by only 10 percent when both Nj(A) vibrational
lavels waere present. Witain experiment error, this small enhancement is con-

sistent with observations.
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2 TO investigate more completely the energy disposal in the reaction, we

) scanned the 0,6 and 1,7 bands of NO(A-X) under moderate resolution .
)

3! . ;

H§ (AN = 2,20 nm) at pressures between 0.4 and 9 torr. This resolution was ade-

‘k§ guate to resolva partially the rotational structure. We then adjusted rota- .

tional temperatures in the fitting program until the cbservaticns coulil ce
nonitored. At 0.4 torr, Boltzmann rotational temperatures of 1400 K and 8C0 K
fit the eanission from v' = 0 and 1, respectively. At higher pressures, how-

ever, the band contours wers decidedly non-Boltzmann, Collisions with tie Ar

bath gas relaxed the lower rotational levels auch more efficiently than they

did the higher rotational levels. For examples, at 4.0 torr a rotational

o~
 ~3 temperature of 600 K fit region around the heads of the 0,6 band quite well,

}$‘ while the high rotational levels which arz prominent in the short-wavelasngth

i‘j tail of the band followed an 1100 K Boltzmann distribution. Assuming a hard-

W spherz model with a 40 22 collision cross section, we calculate that an

3§ excited NO molecule will experience 1.3 collisions during a radiative iifetime

Ei at 1 torr. Thus, at 0.4 torr most of the NO(A) molecules will not éxperience

Rl a collision pricr to radiation, whereas at 4 torr they will experience an

‘io average of six collisions. Thus, the rotational relaxation of NO(A) by ar is

¢¥ a relatively efficient process, ;equiring only a few collisions to remove nost )
%% of the rotational energy. The efficient rotaticnal relaxation of low J levels

‘f‘ of YNO(A) by Ar and the correspondingly much smaller efrficiency for high=J

;; level reiaxation nas been studied in some detail by Ebata et al. (Ref. 120).

‘g

a. The efficient transfer of vibronic energy from N,(A) to NO may occur by a

MY Franck-Condon type of mechanism. Deperasinska et al. (Ref, 121) have calcu-

P7\ lated Franck-Ccndon factors for the transitions relevant to the transfer of

;&5 energy from No(A, v' = 0) to NO. The Franck-Condon factors for producing

é:: NO(A) are three orders of magnitude greater than those for producing NC(3),

b ¥a which they claim is reflected in the much smaller efficiency for producing .
;& NO(3) relative to NO(A). Their calculated Franck-Condon factors, howevsar,

:»“ wceuld predict roughly equal probabilities for producing vibrational levels .
S:?: v' = 3 and 1 of NO(A). In contrast, observations show that NO(A,v'=0) is pro-

£}‘ duced ten times more efficiently than NO(A, v' = 1), They have not perforzed

o the relevant Franck-Condon cal:ulations for Ns(a, v o= 1, 2).
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The kinetics of the N,{A) + NO energy transfer have been studied &y
several other investigators. <Callear and Wood (Ref. 45) estimated rats ccei-
ficient ratios froa thei work of Xgi/Xgg = 0.105 in reasonable agreeazent witﬁ
the value of 0.094 = 0.006 and ky3/kjp = 0.53 in disagreement with the value
of 9.20 £ 0.03. <Clark and Setser {Ref. 43) determined a population ratio for
NO(A, v' = 0,1,2) of 1.0:0.15:0.014, respectively, from excitation by (A}
with the ratio v' = 1/v! = 0 of 0.61, With the same Nj(A) vibrational distri-
bution, we calculate an NO{A) vibrational distribution from excitation rate
coefficients of 1,0:0,14:0.011, respectively, in excellent agresment with
Clark and Setser's observations. More recently Golde and Moyle (Ref. 122)
have xneasured vibrational distributions of NO(A) from N3(A) excitation ¢f
1.00:0,883:0.002 for excitation by No(A,v'=0) and 1.00:0.17.0.025 for excita-
tion by ¥p(A) with a vibrational distribution of 1,00:0.48:0.19:0.14 for
v! = J-3 raspectively. Rate coefficients would predict an NO{(A) vibrational
distribution of 1.00:0.19:0.013 given the same initial Ny(A) vibrational dis-
tritution. Tc¢ make this coaparison, it was assumed v' = 2 and v’ = 3 had the i
same excitation rates. Golde and Moyle's data show a 7 percent decrzas2 in
total NC{(A) intensity for the vibrationally excited case whereas our resalts
would indicate that the intensities of the NO(A) produced from vibraticnrnall
excitad and unexcited N3{A) would be within 2 percent of each other. Error
linits sncompass a range Zrom a & percent decrease in intensity to a 3 percent
increase with some additicnal uncertainty added by our having trzatad u;{a)
vidbrational lavels 2 and 3 the same. They are therefore fully consisztent w#ith

Golde and Moyle's result,

3.1.5 Summary=-=-It has been shown that the transition-moment variation
with r-centroid for the NO(A--X) transition is significant, especially for
transitions with larger changes in v, The result of this variation is that
the transition probabilities of the NO(A-~X) transitions with iv < =3 ara suk-
stantially largjer than had been believed previously. This ameans that the

optical 3ain of some of the redder of the y-band transitions will be larger

than anticipat2d (Table 2), s0 that some of these transitions will probably
have encugh jain to support laser oscillation. The benefit of using these
transitions with jreatar differences i{n vibrational level betw2en the :ipper

and lower stat2s results botn from relucing the probability of lower stata
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%5 TABLE 9. Revised Optical Gain Predictions for NO(A-X) Transitions.
N *
s"t‘
:;.: Normalized Optical Gain
;ﬁé& Trarsition Wavelength 4
:.: ) vi,vn (2)
‘Tg Previous Prediction Present Results
el
Vet
}ﬂ': 0,0 2269 0.73 0.66
;: \ 0,1 2370 1.00 0.92
e} 0,3 2479 0.78 0.77

3,2 2596 0.45 2,49

v s 0,4 2722 0.22 0.27

o~ 9,5 2859 0.10 0.13
3*%{ 0,6 3009 0.04 0.06
ayu 3,7 3112 0.01 0.03

(1
iyt
j;ﬁ: bottlenacking and from working in a region where optical difficulties ars
E5ns less severe.
A
: 'J. r

The measurezents on the :Juenching of N,(A) by NO show that NO(A) excita-
tion is extrsmely efficient in this system, and that the systeam is scalable %o 4

moderate pressur2s, at which the N3(A) is predominantly vibrationally rzlaxed,

ﬂgﬂ without sijnificant reduction in the excitation efficiency. Indeed, results
‘?r shcw that some degree of vibrational ralaxation is desirabtle since vibrational
e
ﬁgﬁ. lavels of N3{A] greater than or ejual to two excite NO less efficiently than

y .
hvs' do the two lowest vibrational levels,
o:|:l
Yaby,

. 3.2 N-(a3:z %) INERGY POOLING

Y & ~“a

o 300
>
e

;L} 3.2.1 Introduction--Stedman and Setser (Ref. 123) £farst discoveread

, LarrocucLion

et : 3
iéf* enerjy pooling in triplet nitrogen when they observed that the intensity of
B 3 <
'ﬂ; nitrogen second-positive, NZ(C3Hu -B3ng) emission varied quadratically with
|
sgﬁ' the iantensity of the Vegard-Kaplan emission in their reactor. They estimatad
K (N the rite coeiliziant for enerjy pooling to form Nz(:3:u) 2o ke 2.1 x 13=11 2m3 l
[ ~,

Wiy aolecuiz~! 37! In a series of lnvestigations of timne~resolwved eaissicns in the
LD . . . - - .
'b:; aftz2rilcw 0f a culsed nitrogen discharje, Hays et al. (Refs. 124-12o) studi=d
ot
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i .
:?h N2{A) energy pooling and deteramined rats coefficients of 2.6 x 10-1° for ror-
L . mation of Nz(C3Iu) (Ref. 126), 0.25 x 19710 cad moiecules™! s=' Zor the Zorma- ;
:Lﬁ tion of Nz(C'31“), and 1.1 x 10°9 ca? oolecule™! s~! for the formation of
sag N2(53:g) {Ref. 125;. 1In the case of the latter stat2, one would have %o i
3ﬁ5 assune that their number was a lower bound, because their detection systex _
‘%4 could see only as far as v' = 3 of the B state. Thus, if significant energy é
35\ from the pooling reaction flowed into v' = 0-2, the rate coefficient would te
\ SE somewhat larger. Subsequent work by Clark and Setser (Ref. 43) confirmed a
?ﬁ: rate coefficient of about 2 x 10719 cm3 molecule~! s=! for the production of

] Nz(c33u) Zrom N2(A3Zu+) enerjy pooling. They were unable, however, to see any
::& evidence for forzation of the NZ(C‘3Zu) state., Nadler et al. (ReZ, 127) dis-
:;f covarad in 1980 that the Herman Infrared (HIR) systeam was populated by Nz(A)
;&I ener3jy pooling, and showed that the distribution among the vibrational lavels
‘_h of that state depended strongly upon the vibrational distribution of the ¥Ny(A)
fff stat2 (Ref, 128;. They estimated a lower limit for HIR formation of
;éﬁ 2.5 x 10~ cm3 molecule~! 5”1 which they have subsequently revised upwards to
;%: 7 x 10~ cm3 polecule=! s=1 (Ref. 128). They also showed that some produc-
’. tion of the 8 state 4id indeed occur, but were unable to estimata the rats
g%: coefficient of B state formation because of that state's rapid quenching hy
$:: nitrogen and argon. Nadler and Rosenwaks (Ref. 123) have also shown recently
ﬁg; that the vibraticnal distribution of Nz(c3ﬁu) formed by energy pooling aiso

;L changes as a function of the Ny (A) vibrational distribution, but that the

\ total excitation rate of the T state appears to be independent of the vitra-
5‘_ ticnal distribution of Nj(A).
,ép

v ‘Jnpublished observations at PSI in the near infrared recorded the HIR
%& systez in N5, (A) energy pooling, but failed to detect significant populations
:ﬁg of Ny(3) (Ref. i30). There is reason to be skeptical of the magnitude of the
ﬁq: pooiing rate coefficient which Hays and Oskam claimed made N,(B). The work of
?ﬁ . Nadler et al. alsoc showed convincingly that HIR production had to be similar
: " in magnitude to the production of Ny(3). Thus, the present investigations
&S ’ wer: aotivated in part by the desire to reconcile the conflict betwaen Hays
bh and Oskar's report, and the observations of Nadler et al. and our own. we
4'_,
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nave invastigated enerzy zooling in some detail and have been acle to deter-
maine vibratiocnal-level-specific rate coefficients for formation of Np(C T,

v' o= 0-4), Wa(337;, v' = 1-12), and HIR v' = 2,3 by Np(adr,*, v = 0-2).

3.2.2 Experinental--Paragraph 3.1.2 describes apparatus 2nd general

operating procedures in some detail. Thus, only a brief summary will 2e given
here. The studies all invoived measuring spectra of the Vegard-Kaplan, first-
and seccnd-positive and HIR systeams of molecular nitrogen in a flowing after-
glow apparatus. The N3;(A) is produced cleanly in the apparatus in the energy
transfer reaction between arjon and xenon metastables and molecular nitrogen
(Refs. ©1,62)., A hollow-cathode discharge produces the rars gas metastadles.
The elactrode nas Leen fabricated from aluminum shim, but for some of the
studiaes here, a 0.002-thick-tantalum shim was used as the elactrode matarial.
The tantalun electrodes gave about 30 percent more metastables and operatad
btetter at nigh prassures. The energy transfer reaction between metastable
xenon and nitrogen produces N2(B3Jg, v' € 5 (Ref. 63). This eliminatas the
possibility of contamination of the results on N3(C) and the higher vibra-
tional levels of N,{B) by scattered light from the rare-gas-metastaole/
nitrogen mixing region. The HIR system was studied at relatively high pres-
suras (3 & torr) with high partial pressures of nitrogen (1 to 2 torr) in the

reactcr. This procedure virtually eliminated overliapping of the HIR systea by

m

the first-positive system. The consegquence of this procedures, howevar, was
that the high partial pressures of nitrogen relaxed the Ny(A) vizration o

> 95 perzent v' = 03,1, and thus the effects of higher vibrational levels could
not be studied ;asily. The nitrogen B-state studies used a neon carrier 3zas
to recduce electronic juenching (Refs. 131=-133). Extrapolating measursd popu-

lations to zero nitrogen pressure eliminated most significant quenching.

All spectra wera fit by a least-sguares computer program which detsarained
the populations of all emitting states in the region of spectral coverage.
This procedure eliminates the uncertainties introduced by overlapping spectral
bands. Z2ecause the HIR system is unassijned, one cannot a pricri jenerit: i

svnthatic spectrum for this system. Ther=2fore, experimental spectra {taxkan at

high pressures f£2r the dasis sets in the synthetic fits) was used., Secause
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h‘ﬁ No(A, v' = 0) ener3y pooling produces only v' = 3 of the HIR system, 3 asis
{ set for that state could be generated cleanly. When only v' = 0 and i of
%, -
Yl No{aA) are present, only v' = 3 and 2 of the HIR system are produced. Thus, a
v h
Y s . . . :
:3- fitting basis set was generated for v' = 2 of the HIR system by sudbstracting
. -’: s - . = N . )
.\Q out the zraviously detarained v' = 3 components from a spectrum containing the
\ ) two lavels together. These basis sets were then used in analyzing the spectra
"J . N s . . :
b containing N5(2) to eliminate confusion from HIR overlap. Ener3y pooling of
S
g T . . i .
‘;:. higher vibrational levels of Nj(A) do produce the two lowest vibrational lav-
LA
~ - e . . s .
s els of the HIR system. This only confuses the fitting of the v = 2 seguence
of the first-positive system, and we were able to work around it.
7
b
1&} The data analysis requires the measursment of absolute photon=-emission
e

rates in the reactor. Subsection 2.4.2 describes these calibration prccedurss

>

in dezail, 1In the case of the energy pooling reactions, the N;(A) and the

'ﬁb N-{C,3, HIR) have radial deasity gradients which are different. The N3{A)

f& radial density gradiant follows the form of a Bessel function of first order,
2 L . ]

o Nyl = A, v ) (50)
iiﬁ wnere [YN,{A)], is the centarline number density, r, is the flow tube radius,
Ig: and i = 2,405, the first zero of Jy{x). The field of view of the detector is

essantially a rectangular paralilz=l piped across the center of the tube with

heisht, h, width, z, and length, 2rg4 (Fig. 48). 1t was assumed that variaticns

i \_

o N
E:g down the axis of the flow tute, across the field of view, could be neglected.
m\j The avarage nurber density of NplA) observed in the field of view is then
)

' r
. . { ° J " LN ridr
3 . ; AT ot Iy
A <N A= T, (61)
gﬁl [ rxédr
A o
i‘* where {N,(A)]g is the Ny(A) number density in the center of the flow tube.
\ E ‘Ahen r is less than or ejual to h/2, & will equal =; but when r becomes
:%' greatar than h/2, % will be given by sin~'(n/2r). Thus, each integral in
{f, Eq. (31} pecomes 2 sum of two integrals, one between the limits of 3 and n/2,
gi: the ¢ther ruinaia: from h/2 to r,. For tie conditicns of ry, = 2.5 cm and
$? a = 1 22, numeric:cal integration gives
g 3

»
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oy Figure 43. Cross-sectional view of flow tube illustrating the geometrv -
’ germane to the radial number-density gradient orcolez. The
N shaded area approximates the monochromator's f£i2ld of view.

(b )
[
~—

; <[N2(A)]> = 0.601 ['\IZ(A)]O (

) As shown below, the number density of N,(C,B,HIR) is progorticnal to the
K squar2 of the N»(A) nunber density. Thus
q 2

r . o) wal Ie 2 Q .
3 <N, C.B,HIRj > = ";NzkA)] = (83)
!akc . f

]

whera k' is the proportiocnality constant.

Integrating this expression in a similar manner to that jiven for <INzAD>

Y gives

v ¢IN(<,B,HIR)]> = 0.453 k'[Nz(A)]42 (54)

92

WP
Weah

'\"-}\.. *" *\- \ 0

N N0 ' g QN QOGN
. LA AT
0, G, '.d L q.fgc.f.IS!.c.f‘i. c" ! ,c. .0 1"'f S i bt !.f,:'ﬁ.c'\,c.'.: O 0 N 1 v ‘ ’ as,tn§.‘L ?s!g'qi:fo‘:f




LSRN Finally, using Eg. (82) for (N3(A)l,, we find that

[4

la‘. -

<[N5(C,B,HIR)]> = 1.267 k'<[Np(A)]>2 (85)

AR

4
w

e

This correction oust be macde to the data on energy pooling to extract ractea

\ coefficients. This correction factor increases as the ratio h/r increases
I beyond unity, reacting a maximum value of 1,446 when h/r equals two

{Fig. 49}.
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4 ) Figure 49. Variation in the correction factor for energv pooling
Teasurements with the ratio h/r.

D 4, 3.2.3 32KC32", w! = J-4) formation in 32(A3:u*, v = 0=-2) enerjy

poclinz~--The processes controiling the formation and destruction of N5(J) in

J the 2nerjy pooling system ars:
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P B T T -
b o
e
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K
I
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e
L]
:"' c,Vv
Sads k : "
0 7 v'y .-
o NZ(A, v') + Nz(A, V") emee- > Nz(C,v) + NZ(X, vir) (%6a) 4
o
\-‘:‘- C,v
Gy "’
e N(C, v) <28 N (3) 4 my (655) ’
Iy ;2 , v ----».2 J coD
C)
4 whers the superscript v denctes the vibrational level cf the N»(C) product
H-}"- molecule, the subscript v's denote the vibrational levels of the N5(A) 3ole-
AN
o cules, and kpag is the radiative decay rate of N3(C). The iifetime of Ny(<)
&
‘
¥ is sufficiently short that electronic guenching of that state (Ref. 38) zay be
e ignored. Because of its short radiative lifetime, N3(C) is in steady state in
AN the reactor so that its formation and decay rates can be 23quated. Thus, we
. ~ have
‘A -
¢ : a'n_‘c, v
. ~ 2\ ! : ~ [od C v
Lo, .267 k) v (N _{a, v
u%n dt = 1.2 g1 Gn Tvivn 2 (A " 2t v
5.
s$'0
SQ. :
W c,v .
ietly, -k 1y [Nyc, wi] =0 (37) 1
o
. 4
3¢ C,v
Vs L S
\".)'. - < - o - vigh r , . . .
hY (N (C, v)!I = 1,267 7 ) —— 'N_{A, Vv )JLN (A, v") (3&)
‘ﬂ- - 2 2l on ;,‘l -,V -2 2 -
ke ktad
D)
}‘."'
N For the case of only one vibrational level of N5{A), E3. (68) collapses to a
N
My single term for which the ;i) number density varies linearly with the 3juara
A
;:::E.’ of the N5(A) nunter Jensity. The slope will ejual the ratio of the en2ray-
o4
® pooling rate coefficient to the radiative-decay rate of Ny(C).
o
i
0
:-:.'; Figures 50 and 51 show rapresentative spectra of the 220 to 4300 nu region
]
t
:"o'.: which encompasses nost of the major emissions in the N;(A-X) and Ny (C=3) sys-
.8
. X teas. Comparison of the two figures shows how stxongly the N,;(C) intensity 1
Yy
.0:: varies with the N3{A) intensity. Figuras 52 through 56 show plots of the
i
":' variaticn in the number density of No(C, v'=0-4), rasspectively as a function 1
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Figure 56, Variation in the number dengity of N-(C, v' = 4) as a function of
the sjuare of tae nunber density of N5(A, v' = 0),

of the square of the N3{A) number density under conditions whers only v' = J

cf the A 3tate was in the raactor.

If only vibrational levels of 0 and i of N,(A) are preseant, E3. (&)

teccnes

Cov
‘N (c, vy = 1,267 90

2 . kc,v

rad

2

N (A, v/ = 0)]

kC,v

1 4 1
* 2,534 — N (A, vt = 0) TN (A, v o= 1)
k 4

rad

v

S
1 2
* 1,267 ——— [N (A, v' = 1) (5%

rad

"'.l

U
IO



Dividing this equation through by {Ny(A, v' = 12 gives a guadratic =Juation

in the parameter (Na{a, v' = 1)]/(Ny(aA, v' = 0)]:

ERCREZS KV YV oIn(a, vi=t))
t2 : o 01 L2 .
3 s 1,287 C.v + 2.534 C.v ﬁ (A V'_J)-'
H ptxn) ! ) ey ’ = ;
LN (A, =) “rad “rad 2
2
: kf;v “NZCA' vi=1)]
* 1,267 —— ReACEEN! (70)
K - 20 :
rad

Figures S7 through 21 show data plottad in this fashion for each of tne H2(<)
vibrationral levels excited in the energy-pooling reaction. The most interest-
ing thiag these zlot3s show is the absence of a significant quadratic terz.

The intercepts of the plots, of course, give rate coefficients that agree o
within 20 percant with thosa previously determined from studying just v'=J
pooling. Table 1J snows tha results of Ny(C) energy-pooling studies. Cur
value for the total pooling into all vibrational levels of N;(T) is abcut

70 perce.t lower Ior v'=(Q pooling than previous studies.?3,124,128 o, pe of
this difference results from the 27 to 45 percent correction for radial
density effects which have not been included in other flowing afterjilcw
studies. Agpplying our measuarad rate coefficients to Clark and Setser’s 5.451.71
vi=1/v'=3 A stat2 distridbuticn gives an overall rate coefiiciant of

1.28 x 12719 ca’ aolecule™' s”!. This is about half of what they reported,

Cur results indicate that their neasurements may have been contaminacta2d zy

[17
(5

scatt2rad lizht, and theraicre too larje because they observed roughly egual

a

TS

1)
o

popu.ations

.

Hall) w'=0 2nd 1 wneraas for the same N,{(A) vibrational
distridution as they had, we observe a ratio of v'=Q/v'=l of .76, If
scattared lijnt contamination i3 a problea, then it will enhance !3(C,v'=J)

more than the other vibrational levels,

3.2.4 HIR forzation from N,(A) ener3y pooling~-The HIR systean was first ,

ocserved 3) years ago by F. Herzan.!34 Subsequent spectroscopic worx on the

sygten has failed to identify either the upper Or lower states in the

29
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to unexcited N5(3i),

Tt TABLE 2. Rate Ccefficients for N2(C3:u) Formation from
b

J -
Lo Na(a -,, + Energy Pooling.

Nz(c, vh)

¥
.-

& W -0
—_ NN
.
e e It
I+ 1r by e
A A A A A

Total N,(C) 14.6

(R 4

0.8 15.3 ¢ 3.8 < 5.3

P Fate coefiicients are in units of 10711 cn3 go1ecuzes=! -1,

Error bars represent 27 statistical uncertainties. -
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? trans;:ion,135"37 altihough Nadler and Rosenwaks 29 have been abl: =: estab-
ft' ,1ish an uapper liazt to the upper state term energy of 12.02 eV, YNadler and
$¢ ) Rosenwaks have discussed the identification of the two states and concluded
;ﬁ. lower stat2 3ight “e the 3319. the lower state of the Gaydon-Herman Graen
‘5" system, and that the upper state was a 3Hu state which is known only througn
r”: Michaels' calculations (ReZ. 138). Gilmore disputes these identifications,
i however, and suggests c"5xu and A'szg+ as the upper and lower states, resgec-
“: tively (Ref. 139).

Figuras €2 and 63 show the HIR system excited in enerzy pooling of Nz(A,
;Q% v' = 3) and N5(A, v' = 0,1} rasgectivaly. The spectra were taken at 7.5 Torr
,§a total pressure with a nitrogen partial pressure of 1.5 torr. Thus, aitrogen
3%' first-positive eaission is wvirtually absent from the spectrum. The ratio of
Sk tae HIR intensity to the square of the N(A) number density does not vary with
:‘: pressure (Ref. 127). Thus the state is not quenched electronically under our
ig: conditicns, and a steady-stat2 analysis similar to that given above Zor the
-.*E _ No(Z) state applises here. 'We write
O
P Tog 7 1-267 Kned Tarm, o= 3] = 1,267 k5000 [,(A, vt = 0312 (71)

v figure €4 shows Zata for v' = 3 of the HIR system plotted this way. For tihesae
?ﬁg studies, CF,; or CH, was added to the reactor to relax the Np{A} vibrational

J energyy to v' = (. From the slope of the plot, we find that the rate coeffi-
?‘E cient for producing v'=3 of the HIR system in the energy pooling of two Nala,
;&: v' = J) molecsules is 8.1 x 10~11 cm3 molecule~! -1, Strictly speaking, this
&k figura is a lcwer limi*, because other transitions of the HIR systea froa

(ﬂ v' = 3 might appear ocutside the bandpass of the detection system. The reia-
i?; tive iatensities ocserved of the four bands, however, indicate2 that both sides
:ﬁg of the Condon paratcola have bteen sampled. Thus in all probability, the wajor
%S emissions from v' = 3 have been observed. When the N;(A) was vibrationally
3; ) excited, the ratio of the HIR v' = 3 jintensity to the square of the Ny{A,

» v'! = J) number density remains constant. Thus, vibrationally excited Ny(A)

Ega appears not tc play any role in exciting v' = 3 from energy pcoling.

i -

ﬁ:‘l

i

1 103

(YO

1 € 1)@ 4 ¥, E L]
PUTOIY B ET Pk DO OO O O O R O M I O R b P R A A A N O SO S S N OIS NS OB LN RO
o l.g"“c”a"!,.c, . .’:.a f,g",_‘sg‘.il‘.'m t %.;‘:‘l.:-‘!i““,’.\:‘t L) 'l‘,'af,:|?~ v SR e et .!'g.!.‘.t%.'. AL st sttt Dt Tl s

1 4fy 1t (N PAIOOUCI A M N MtN KRNIt



TN R T O T O O U PO O Tl O A TR R T W W W N W N W O I O O O T T Tl T T TP T T T T I Ty T W

N2(B g - A Jry")
Av = 4 Ay = ] Ay = 2

av = 1
s B EEERE [ L O e A A
v' = 121086 10 8 6 4 765432 7 35 5 4
HERMAN INFRARED
Av =3 Ay =2 Av =1 Ay =0 8y = -} .
100 ) N oM T T
2 v' =3 k] Vi 321 321032 1

80— N
50

404

INTENSITY (ARBITRARY UNITS)

600 650

7000 750 eo¢ 250
WAVELENGTH (nm)

.
erergy pooling of N~(a, v'=0). Perapar = 7.5 torr, X

N2 (B Jng - A3yt

Ay = 4 Av = J Ay = 2 Av = ]
Ty Ty vqi7t1 v 1T 171 1 1T 1
v' =12108 6 10 8 6 4 765432 7 6 5 4
HERMAN INFRARED )
100 Ay = 3 Av= Av =1 Ay =0 4Av = -}
\ 7 T 1 10 1
v' =3 3R 321 321032 1
80 -
50 -
4

40

INTENSITY (ARBIIRARY UN11S)

600 650 700 750 800 850
WAYELENGTH (nm)

"
[
u.
i
(21
o
[43)
(W8]

Scectrum of the Herman infrared v'=2,3 syst2as excited in the
eneryv pooling of N>(A, v'=0,1). Peqpay = 7.3 torr, Xy. = U.20.
LA

104

A R N
e e

»

T NN S LS
Pl eI d




Ko n 200 T | i

b
(& 1)
O

100

=
&
3)] (ARBITRARY UNITS)

I

50

[Hp(HIR, v':

N | | |
] % 5 10 15 20

W : INA, v'=0]2 (1013 .'m:ﬂecules2 cm6)

Figura 64. Variation in the number density of N»(HIR, v'=3) as a function of
Fand the square of the nunber density of No(A, v'=0).

Cnder conditiong whers only v' = 0 and 1 of the N5(A) are present eais-
\ sion from v' = 2 of the HIR system is seen. The lower two vibrational levels
of the HIR system agpear only when the number densities of v' = 2 and 3 of the

d5{A) become izmpor<ant, The HIR v' = 2 data can be analyzed in a similar

-

VXN

~%-"‘.'.\.\\ .
(2.3

ashion to our analysis fcr vibrational effects in N,(C) production, zut siace

po

t i3 already xnown that twe v' = 0 moleculies do not pool to amake an ZIR

v' = 2 molecule, the first tarm in the eguation can be eliminated. Thus,

-~

HIR, 2

1 = 2.534 x1LR,2

01

o

(Y, (A, vt = 001N (&, v = 1)

'-i"v-”{
P

3

IR, 2 5
* 1.267 Kk TIN (A, vio= )] (72)

!

s

s I HIR, 2

)-f'\-: ' (Ny Ay vh o= 0 0 NS A, Vo= 01

s .

[ 0.
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Figure €3 shows %he data for the HIR v'=2 system. The iatercept of tae

nlot,

after application of the appropriate corrections, gives the value for the aixed

v' = 2/v' = 1 pooling rate coeificient, 9.9 x 10" cm? molecuie~! s~t.

within

statistical uncertainty, thg linear tera is not significant, again implvin

that 2nerjy pocling by two vi=i molaculss is negligible, Tasle 11 suca

our rasults on the Herman infrared systam, Data further show that HIR
is not formed by pooling of vibrational levels of N,(A) higher than v'
Adequate Jata has yet to be collected on the formation of HIR v'! = 3,1

foraed in pooling of N5(A, v' » 2),

arize
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Fizure 85. Yariation ia the ratio of the N-{HIR, v'=2) nunber densitv to the

producht of the nunber densities of N-5(A) v'=0 and v'=1 as a

£
function of the ratio of the number densities of N-(A) wv'=1

to v'=3,

TABLZ 11, Rate Coefficients for Herman Infrared Formation froa
N, (A) Ener3y Pooling.

HIR, v! Koo k01 k11
3 3,1 = 2.4 - -
2 - 9.9 + 1.0 -

nts arze in anits of 10='! cad aolesule=! s-1,
nre3rnt 43 statistical uncertainty.
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The niirsgen was zdded down stream from the discharze as usuazl. Fairle modest
, = -t - -t N

argen £1ow ratas (=150 umel s™' in a total flow of 3500 ymol s7') 3zave ade-

guate N:(A) production, so that the number density of argon was well Dbelow

that which would preduce noticeable guenching effects. Nitrogen was still a

significant Juancher, 30 its juenching effects wer=2 experimentally <decarxzined

by repeatadly scanning at successively lcwer nitrogen flow rates. Modilying
£3. (33) to reflect 3 state formation by Ny(A, v' = {) only and guenching of
the B state by =oiecular nitrogen gives:
L3,V 3,v
AN . 90 o NEPSICIR P Ky’ o - .
N.B, vii o= 1,2 N (A, v = i - == Ty (74)
LT : “T0 B,v T2l : L3,v 2!
K
rad rad

Rearranging this eguation shows that the ratio of the squarz of tne A state

nunber Jensity to the 3 state nuaber density will vary linearly with the
nuocer deasity of thne added nitrogen:
- N 8,v B,v
AT ASE LI kQ’

— — = 0,733 + 2.789 Tult {75)

N, 3, v kB,v kB,v -2

o Ll >

30 QQ

Tigures 25 and 67 show spectra of the region between 500 and €590 na with
ni.rogen gartial pressures of (.46 and 0,027 torr, respectively. <Clearly, the

strongly with the reduced nitrogen partial pras-
data on the formation of the 3 state froa

(7%).

Figures 53 tarough 71 show

the pooling of Nz{A, v' = 0) plotted according to Eq. From these plots
r

£ar the other vibrational levelis studied, we obtained both

ones
ccefficients for B state formation from energy pooling and rate coefii-

The bulx of the excerimnents

ci2nts for juenching liz(3) dy molecular nitrogen.
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(lUls molecules cm’l)
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- Figure 68. Variation in the ratio of the squarz of the nuaber Zensitv
~ of N5{A, v' = J) to that for N-{(3, v' = 2) as a functisn of
- N :

- the molecular nitrogen number density.
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:‘V Pigure 70. Variation in the ratio of the square of the numter density of
;.l No(A, v' = 0) to that for N-(B, v' = 3; as a function of tae
it molecular nitrcgen number density. .
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: Nota, v! = Q) =5 that for N-(3, v' = 1C) as a function 9of the
Y zolezular nitrsgen numncer Jensity.
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were 2% 3.0 torr total sressare, but scans at 1.3 and 6 torr zave siziiar
vibraticnal distriduticns, and siailar ratios of 3 state number density to the

square of the A state numter density as the data just discussed (Fiz. 72).

"

Thus, at the lowest nitrcgen partial pressures studied, N7(3) guenchiag by tie

I
on

neon, arson, x2a2n, and TH, in the reactor did not appear to te significant.
Therelore, a study was nade of the variations in B state formation Zrom the
eneryy »ooling of vibrationally excited N;(A) under conditions couparacle td
those produciag the minizoun 3 state Juenching observed in the Na(A, v o= ()

studies.

i

10718,

=
L= e — _
= zN G 16 ,
= -
=z | |
|
| : }
. B 1.5 torr ,
' 3 I
| | ® 3.0 torr i
¢ & 6.0 torr i
| EXTRAPGLATED ;
| 2223 RATD COETFICIENT |
1 ]
10747 ! | ! L | !
0 2 4 6 8 10 12
VISRATICNAL LEVEL

Tizure 72, Variation in Y-

( v) excited from energy pooling of N-(a, v'=);
witih neon sSrassu

For these stadies, the system was considered to be essentially two vibra-
tional levels of N3{A), i.2., v' = 0 and v' > 0, An analysis similar to %hat

jiven aoove Zor the N2(7) state gives

AT AN
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whers we have corracted only for amolecular-nitrogen guenching (~ 10 percan

effect). (Quenchinge-rats coefficients deterained in the W5(A, v' = 0] stuiizs
were used, Tizur:zs "3 throuzh 73 show how the spectrum setween 330 and 710 nm

~1
[ )Y

aticnal excitation in cthe No{4a) chznges. Tizures
r

ant 3 state vibrational levels plottad accoriing
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intercepts of these plots gave results

= J resuliis. These results also show that the pooling between a

-

v! = J and a v' > J is somewhat faster than the pooling between two v' =4

moleculas or between two v' > 0 molecules, Table 12 sucmarizes the rate coei-

ficients aeasurad.
the dazta

3.2.6 Discussion of energy-pooling results--Examination of

shows 32veral interesting results. Close to half of the 3 state forzstion

arises 2s 2 ra2sult of radiative cascades out of N;(C). Furtherncre, sunning up
the ra=2 ¢oeificiznts for energy pooling into all three cbsarved electiraalc

states jives a value of 3.0 and 4.7 x 19719 cm3 polecule™! 3! for anersv

pooling cf two N5(A, v' = C) and of Ny{(a, v' = 0) + Ny(a, v' = 1), respec-
tivaly, These nuxbers reprasent a lower limit to the total enerjy poolins

cecause darx states might be involved, and also because we

have not been able to evaluate the contributions of ¥o(3, v' = J) formation.,

1 through 8 are all formed at least 50 percent by

30)

Since witrational levels

rom the C state, we would expect Ny(3, V! to follow

would raise the total pooling rate coefficient oy l2ss tiaan

formation of dark states cannot readily bte assessed. A

112

w

.)vﬁﬁ

~'f' ""'*.

- \ YOS GRS N
- AN ‘D..‘!. A AN AN N’-,.. v v\) ( J" * l“"‘" 'n‘.‘:‘i“‘ ' .' .

L] .
g, " 'o -l\‘




INTENSITY (ARBITRARY UNITS)

| W |

I

T

.-lt.cl‘n.
¢ 580 600 €20

tn
N —

I [

S
640 660 680 7CC 720

WAYELENGTH (nm)

Figure 73. Jariation in !iH(2,3)

sgectrum oroduced in N-(A) eneriv _

£ooling with chanzes

in ni<rousn and arzon partial

wressur2s.,
e r—- st

0 Sy

TN




.‘
¢

\)
v i

IR0
St
.Is‘,‘t'..b‘

)

*2207W (°p J0 sangsa1d (o173 aed 03w p 70 eausaaad (vi1iied
duvyyen © pur 13070 pe 3o sanssaid Aueylam U pue 1403 fF 10 sinssead
reviaed walolite 9 301 {1P0 % LATYITH Tevaed ushodTH BTIRT (170 = WATVICN
Fo Buyiend ARTeun wny UT pajIoko jo futyoad Ai3aus oy wi pe1ioxa
swalnAs aatrrand 831y pue £97 = A a1 v kG oA r11R0dI363T] pue §'7 = LA

s
I

)
(3

o b
Q‘:‘O‘

')
QUMM
0."),‘".‘

paIeITUL HPuIal uabol)tu Ayl Jo umaldads ‘L sanhrg PAIvIIuY urwIsy udhoaytu eyl Jo  emagdady  cps eanbry

RO
tt"». ':?"o'!‘

(wu) HIINITIAVM (WwU) HLIONITIAVM
0%¢ 00L 089 099 O%¥9 09 009 085 09§ 2L 00L 089 099 Ov9 029 009 085 005 '

»»h—.~L_».h—--~_h—_--__—_r_ Q F..h—._.[p_n_._—h_mn_\_l_r\—ulﬁh—.i_n__a. c

UK
AN

0
ﬁ&

1
i
B
)
nlt

]
{
iy

|
(=]
~N
!
[ =
N
.
SR,

LI
ISN3IINI
::‘Q'.

)

}
QD
<
L

0N

WV
SO

-~

--

10 \
WA AR

CELRE;
%, L4

(SLINN A¥vHL1EYY) ALISNILNI

(SLINN AYv¥LIguy) A

)]
)
:“a

et

W RN W W T Y W T

ﬁbﬂﬂ

LS
1
I‘
.

AJ

|
o
S
e
0
¥

»

0-2'1-€  0-f —001 0-2¥i-¢  0-¢
L _ U !
QIYVUINT NYWHIH OIYVYANI NYWYIH

¥ 9 8 O 9 8 0T 21 = ,A vt 9 8 01 9 8 01 2T

Ll ey ey otaralill bbbty ettt g
€ « AV b = AV € = AV p = AV

R

D“

.

fhﬂ.t

¥
i3

',

(Mg v - Pug )2 ("3 v - Dy @)

N
O ‘fv"?

’

W N W W W o W YW O W Ty T T T

; 70022 S AL G C S R 7 I R | NIy IR
I SRIRRRRY. LRl ~ XIRTAEY FONRAITL AT ERRA)  (RRRBRLE | AL ] @ PEEXERER] S
B ] - B E

-
> - ol L, l# v e By ey - Y e -

K At R o



(N8 v'=21/[NzA, v'=0)2
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Variation in the ratio of the number densitv of Ys(3, v! = 1}
to _the square of the number Jensity of No(A, v! = J) as 2
function of the ratio of N-o{(aA) v!' =1 to v' = D),

TASLE 12, Rate Coefficients for N2(33ng) Forzation frou Nz(A3Z‘*)
Energy Pooling ¢

a5 3 R
) | | T
Na(8,u" )y GBSERVED  CASIADE | OIRECT 0BSERYED CASCADE DIRECT | OBSERYED i cASCA0E | DiogCT
i
T [
1 2.4 o.a| 36 --- 6.5 1.0 13 3+ 1.0 --- i
2 3.5 :01‘ 2.3 s 202 56+ 1.8 26 3018 |14 4 |
3 i3 roty LS iOJ £ 0.1 5.8¢ 0.3 1.6 4.2:0.3 --- d g
1 1.6 £ 0.1 11 0.5 0| 2.7% 1.0 1.1 1.6 1.0 (38225 | |
: b1s ot} 28 07 zo1]22:06 0.6 1.6+ 0.6 | 4.5+ 1.3 i
6 ; Lo axi 3.5 o6 roi 1.7 0.2 .t 1.3: 0.2 1.5 05 | !
? 0.9 +0.1' 2.3 lo6 0.1 1.6 0.} 0.3 1.1: 0.2 --- }
8 0.6 + 0.1l 9.2 loa 00| 1.3 0.1 0.2 1.1t 0.} ---
9 2.2 :o.:| 9.1 lo.a 0.1} 1.0¢: 0.4 0.1 09:0.4! 1.6 1.0
10 1.8 ¢ mx‘ 1.8 £t 0.1]| 2.8 0.5 28:051{ 1.3+ 1.1
it 0.35 ¢ OEJ 0.3 ¢ 0.0g] 0.4 0.2 0.4:021|1.0¢:0.5
| |
i
N3i3) 1.7 1.0 21.85: 6.2 | 28+ 1]
foraL
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availarles, zost notably the W3iu and 38' 3Eu'states. ‘We do see the 5-1 zand of
the 3'-3 system at 325 nm, In additicn, a small amount of emission has teen
seen in the 140 te 180 nm ragion which is probably from the Lyman-3irgge-
Hopfiaid svstem, Sut the iantensities are much too weak to resolve for an
adeguate identiiication., The singlet states would not te expected to £fora a
significant exit channel even though their radiative lifetime is long, which
will in itself diminish the observed intensities of an otherwise strong exit

channel.

Clearly, the days and Oskax result for the formation of N3(3) is iacor-
rect. Thelr studlies were perforamed in the afterglow of a pulsed discharze ci
nitrogea. A number of metastable species in addition to Ny(A) will persist in
the afterglow of a nitrogen dischargje, and we expect that one of these other
metastables is responsible for days and Oskam's observaticns. This hypothesis
was testad briefly by diverting the nitrogen £flow in our reactor to mix with
the main argon flow upstr2am from the discharge. Figure 79 shows the rasult

3 3.
N,(8 ty - ATt

A"’ Sye2
YU MTeh T8 7' (s e g vele Ts
s
- E
_ Ave? av=] Ay sQ
] — T f T
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@
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] p * 3.0 TORR
- : 3 Hz-mmz
:‘ - l‘
= 73
z o]
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I . //—Ng DISCHARGED WITH Ar
- 2 -
£ 5
F1
i
g ] /M, ADDED DOWNSTREAN
e . OF DESCHARGE
) /1\/
o F-\f‘-/\/\'ﬁ/ _Mf\.
: II'II—( IT-‘llilfl‘r'frr[fTrllfl'l'll
€9 3] 552 660 ™™ 5] A" 7o 700 ()

LAMBUA (NANUMETERS)

figurz: 79. Spectra of HIR v' = 3 and N~ first-positive svstems whea the
5{A) is foraed by direct discharje of the N, with the acjon
andé when it i3 formed in the convaenticnal manner by adding
the N~ downstriaa from tha discharje.
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grachizally. whlle discharzing the nitrogen with the arzon incr2asad the
No{A) number density in the observation resgion by about a facrtor of 3, =zhe

2
populations of the N5(B) vibrational lavels grew by a factor of 70. The

HIR 3,' cand which is relativaly £r2e from first-zositive overlap, and which
is 3 jood zonitor ©f the increasa in A stats pooling, grew Ty cnly a factcor of

3 as wouid be expected. Metastable Nz(a"zu') molecules arz Isrzed in toe
dischargze (Refs. ©5,140), and do have enough energy to excitsz N3(3), zut they

were not responsible for ¥y{3) formation. Adding Hp downstream from the Iis-

e

charje, 2ut upstreaa from the oObservation region, completely elizinatad N-~(2'j

exnission at 171 am but raduced the 3 state emission 2y less than 15 persent.

p

fﬁﬂ Cther alternatlves ars being ccasiderad to the preacursor of the enhaaced =
“

’i

V:: state emission.

oFi

- Table 13 lists the rats coefficients for elactronic juenching of Hyi3,vY)
S
P¢;¢ deteranined in this study along with several other sets of values in the liter-
-- ‘-l. . N - o I3 -
R ature, Agreement with the measursments of Mitchell {(Ref., 141) and ot

Shemansky (Ref. 142), both of whom excited Ny(3,v) by electroa impact, is fair
as is agresegent with Jar<tner and Thrush's (Refs. 143,144) measur=2ments in a
racoatining N-atom afterglow. Agreement with Becker et al.'s (Raf. 143)

iow observations and the Xinetic absorption spectroscopy deta2rxzina+tion

[\1]
rn
ot
10
[}
V9]
-

of Trayer and Parner (Ref. 145) following excitation of nitrogen by reletivis-

tic ele2ctrons is not jcod. These numbers ar2 effective two-body guencalias

«

h Y C e . : B . .
o rata2 cexfficients. The actual processes involved ar: much zor: coaplax. The
‘_' "j
. 3 = : 5 s . . - .

:“; 2775 3tate of nltrogen is courled collisionally into a number of other nested
AN -

s . . . : - _ o - . .

v?» electronic states including the A3;u*, 3'34u , w3xu, and zerhaps various

statas of the singlet manifold including X1:g+ (Refs. 131-133,143,147,143).

" . . ; . ; . . :
o Thus the guenching is actualiy a complex process which invoives transfarring
Lo A . . . 4
VS enerzy back and forth vetween the various states involved. Sadeghi and Setser

'- ) - -~ a = 2 P

" (Refs. 131, 132} and Rotem et al. (Refs. 133,147,148) have cdezonstrated this
%%5; coupling between the sta%tes unequivocally., These grouprs have excited swmeciiic <
] J. -

» PR —\-‘-v 3 2 - .

}ap vibrational levels of the :Jkg state by laser punping A‘Iu*-state moLaculas.
P Subseguant to the lLaser zumping thay ciserve euaission frcu 5'3"w'”‘a’° Cacat s -
Lo -y 5tat2 L2vals,
g%i and lower wvibrational la2vels oI the B3jg State, as well as prassura-dependent,

3
zﬁl aulziexponential decays of tne fluorescence from the initially populatad

bd
f:):
l:J:
A
A )
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TABLE 13. Rats Ccefficients?® for N5(3) Juencaing by Na.
Bl ' ! | T )
i ' l B !
| ] i Roten Gartner | Creyver |
% This | ! 3ecker and and and
N5B,v |  Work 1 iizchell | Zaemansky | et al. Rosenwaks Thrusn ! Ferner
' | i 5 !
, ; 7 N .
. i |
1 ' 1,0=0.8"' 3.3 ~1 1.2 50.77 3.22z0.22!
i
2 0.320.1 1.2 1.5%0.2 3.8 sC.3¢ 2.3223.32
i i
3 1 3,0=0.2 2.1 1.7%0,2 9.0 1
! :
’ | 1
: i 2.4:0.1 0 1.9 1.8:0.2 4.3 i
! i
| 3 | 2.86:0.1 1.3 2.3z0.2 6.8 :
' : s '
H - : . < + a ' A .
; 5 ;o2.1:C.3 .3 P 4,i20.4 -
1 H - . ‘,
i 7 | 8.4:0. 2.3 5.6z0.4 -
: i
: 3 j 8.0x2.4° 1 7.220.4 7.5
1 H
i ) o f .
o9 7.0=1.2)! ! 9.321.0 0.9 2.8 i
. i ]
i b ] [ . " !
i 10 i 2.2:0.2 ' 5,320,858 2.8 5.3 4.4-0.9 i
I ! ;
P i 2.8:0.2 2.0£0.3 7.2 -
| ! | |
L et 2 o1 -t
| a. dYnits 1077 cm” molecule s”!.
! b. Based on two-3tate coupling model,
!
level. In most cases the fluorescance decays can ose separated intc twe
prassurs dependent ccmgenents, one fairly fast, and the other quite slio>w. The
rapiilv “dzcaying cozgenent ragresenis coupling into a reservoir state «hizh i3
in ejuilitriumd with tne initially pumped level. Senerally the W2y, s3iate i3
identifi2d as the gprimary reservolr state,
Sadeshi and Zetser (Ref. 132) and Rotem et al., (Refs. 133,147,142} tried
to descrive <heir ostservations using the two-state coupling model 3iven by
) Yardlay {Ref. 14%,. An attexzpt has been made to derive a steady-stats expres-
sion consistsent with this model so that our observations could te comparad wiih
those of Rotea zand Rosenwaxks {Ref. 133).
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Tha following reactions describe the model:
kep
N (3 + N_tA N_(B) + N_(X
() i, ) = 2( ) 2( )
<
N_(B) + N_(X) 3 ON_(W) + N_(X)
2 A R > & T ) P,
2 « 2 X 2 2
WwB
3
ko
N_(3 N.(X 2N (X
2( ) - 2( y - 2( )
3
kr
N_(B) > N.(X) + hvu
2 Z
W
kQ
NZ(W) + )Iz(X) > 2N2(2()
W
X
r
NZ(W) > (8) + hv
whera we nhave assaned W as the reserveoir state,
the £ollowing ratas:
Re = Kep Npld) 2
Ry l(ra + kQaEsz
Ry = kg N2
R-2 = Kyp N2
R3 kr."; + r(Qw[Nz
123
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The rat2 of forzat:ion of staze W 1is

Tne rate of forzation of state 3B is

d{a] ’ "~ 3 A [
_E_ = Rf - l\R, R.’Z’I{B] + :1_2[-4] (30)

Under stz2ady-state conditions, with the inclusion of Eg. (39), =Zg. (30)

cecomes

AS
Ul jrn
—a

% R)(: R,) - RS
Ry P RR L+ Ry) - RR

R 'R

—

The two-statae coupling model cf£ Yardley explains bi-exponential decay 2f state

B as

Under conditions such that iy >> Xy the following expressions apply:

Ny \

2, ¢+ Ry{R_, + Ry = RR ‘

Y2 T R+ R (24)
2 -2

. LW 3 W
R ¢+ XK K¢ = %
. = . -2 2 p (25)
1T+ 4 1+ ¥
X, a
el a2 (26
"
2] ‘BN‘ A,
121 .
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Combining IZ3s. (31} and (34) jives

] R_ + R
£ 2 =3y [l (97)
(3] 2R L - Rz R M
-2 3 3
X+_
. 2 .

3 w W
R_ krj( * kr Ro( + k|
= + b4 (23)
T M R
$3 L3 L3
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R R
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This expression has a form similar to Eq. (75) which describes the quenching of
Np(3;. The product of the ratio of tie factor multiplied by ? to th2 constaat

3 gives the effective rate coefiicieat IZor juenching,

[

tera in £3. (397) <izes Xk,
based upon rates determined experimentally from the laser-punping experizants,

i.e.,

. B W
eff (g( * kg B
k=" = =% < {39)
) . B w T
L

Rotem and Rosenwaks (Ref. 133) studied vibrational-level dependent decays as a
fancticn of nitrcgen prassur2, The effective rate coefiicient of their slowly

decaying ccaporent 1is

a ka - <d
Y Vi L
£ )
x = —= = K —= (192)
3 2D 1 - 4
> This expression coabines with Eg. (98) to give
k_(1+
eff s
. k = < (131)
2 L
¥ K
' r r
e e . aff . ) . . .
‘:“' We list values of ko®'* bpased upon their neasursments of <g and ( in Table 13,
) . e . .
ﬁ?ﬁ We used the radiative lifetimes of Ny(3) and Np(W) [calculated by Werner
»
! a2t al. (Ref, 113i)were used to derive the k3®f% yalyes listed. The calcilation
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'dt assumes that the coupiing is <ith the vibrational level of tae w3 Ly Statz whioa
('. is clesest in 2nerzy resonance to the vibrational level of 3319 censiilsragd,
‘“d Clearly this approximation is somewhat simplistic and may account for the
;:: rather nediocr2 agrsecent Detween the measured, effective gquenching rata coel-
- .
::? ficients, and theose W2 calculate tased upon the two-state coupling =model and
\ Rotem and Rosenwaxks' experizental results. Under the circuastances, zernaps 3
i . factcor of 2 to 3 ajreement 13 acceptable. The coupling is probably too comzplex
n to Ye explained aither oy an effective quenching rate coeificient, ¢r 2y c¢nly a
%: two state 20del.
{: The microscepic detarls of the quenching processes strongly depenld uncn
2: the guenching pertner. Nitrcgen appears to quench electronic energv out of all
i: levels at roughlv couparasle rates (Ref. 150). Argon, on the other haand, is
)
auch la2ss =2££icisnt than aitrogen at Juenching 8319 manifold electronically,
:ﬁ: but it ratner efficiently alters the vibrational distribution. Figure 30
:2 deacnstrates this point dramatically. The spectrum in Fig. 20a, for whica the
:: nitrogen partial prassur2 is 0.21 torr, shows fairly strong first-positive
' band attz2ruation relative to the unquenched HIR band at 703 nm. The vibra=- ?
. ticnal distrizution, however, is quice similar to that in Fig. 73 which was i
Cal i
x; taxen under conditions of sullficiently low nitrogen partial pressure tiat §
.%j elacirsnic juenching is minizal, Figurs 30b shows that reducing the nitrsgen '
) partial pressurs s¢ a3 ts eliminate Np; gquenching effects results in a auch
:\- stronger first-positive s3yst=n intensity. In arjon, however, the viscrational- !
E level distriSutien is drastically altered. Raising the arjon prassura2
-ﬁ furtner, as shown 1n Figs. &0¢c and d, does result in some raducticn in tha .
)y first-gositive system intensity, but more noticeable is the continual shifting ;
or ;
éﬁ of the vibrational distrizution. Especially interesting in Fig. 80d, wnicha 13
:5 in 10 torr of arzyon, is that the vibrational distribution appears to haa3j up
{S in v' = 2, The apparent electronic juenching by argon in Fij. 8Cc and 4 com=-
pared to Fig. 8Ckt might result only from shifting the 3339 povulation into
N vibraticnal levels v' = 2-2 which do not emit in the spectral region observad.
:; Tne cbserwvations woull have to be extanded into the infrared to clarify tais
S scint. Clearly N2(33:c) gquenching is an extremely complex process, and sizple
( acdels such as izmpli2d by Z3. (7S) or even Ej. (38) are not completailv
-
L 4 . -
::: 3ie(iat=z.
ii:
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3.3 ACTIVE NITRCGEZN EBXCITAIICN OF iT

3.3.1 Introduction--Iwo years ago it was observed that adding iodins

monofluoride to a str2am of active nitrcgen resultad in strong excitation of
ta

[}

?(3320’) (Ref. £). The effective excitation rate of the IF(3) appearad to
corralats with the nuaber density of N2(33Eg) in the observation zone. The
N5(3) could be ruled out as the precursor of the IF(B) excitaticn, howaver,
becausz an excitation rate coefficient several orders of aagnitude graatar

than gas kinetic would have been required to explain the magnitude of the

I7(3) Zluorescence observed. The N,(3) appearad to act as a tracer of a dark

0

pecias which itself was rasponsisle for the excitation. The excitaticn-rate

measaraments indicatad that the product of the excitation-rate coefficient and
the aumpber densitys of the exciting species was approximately 1 s=1. This
implias that the numfer density of the exciting species is at least
cule cm‘3, given that the maxiaum expacted excitation rate coefficient is

rougaly 10=19 cm? nolecule~! s~'. various arguments indicated that most of

3 : . : . D >
the common zetastables in the active nitrogen £low, such as N(<C,<2),

T3
concantration to ce rasponsible for the excitation, or else varied in aunber

Nz(a1 ), Nz(a']:d'), NZ(A3:u+), and Nz(w33u), were all present in too low a

density with changes in conditions in a fashion incompatible with the coservad

changes in IF(Z; exciltation rat2. It was concluded, therefore, that the @os

t

likaly species in the reactor responsible for the excitation was ground-
elactronic-state, nolecular nitrogen in relatively high vibrational 1levels,
Cbsexvations would, therefore, be classified as observations of vibraticnal.-
to-21lectronic (V-Z) energy transter. Several cases of this phenomencn exist

ia the literature (Refs. 131-153),

he observations of fairly large number densities of N;(3) were inter-
esting in that the the vibrational distribution and intensity of the observad
first positive bands were incompatibie with formation from N-atom recombina-
ticn., <ne indicaticn of this is that ad&lng molacules like 03, CO, and COy
d4rastically reduced the first-positive intensity, Dy =more than an order of
maznitide, Tnder the conditions of our axgeriments, however, none of thasa

acleculns r2acts at any sijnificant rate Wwith atomic nitrogen. Thus the

-
[§)
w
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reductizsn in intensity was not a result of N-atom removal. Turtherzore, the

residual first-positive intansities did begin to snow the szectral distribu-

tion characteristic of the lH-atom-racoakbination-produced, Lewis~Rayleigh

afterjyilow. 3Since these mneasursments wer2 all made 10 to 20 z=s downstr2aa Zroa
the exciting discharze, scme 3species in the active nitrogen, with a lifstirne

against gquenching and radiaticn in excass of tens of milliseconds, must Te
collisionally courlad to the N;(3) (and upon addition of IF, the IF(B)) in the
observazion voluze. The contention again was that this ccllisional coupling
is effected through nigh vibrational lavels of the ground-elactronic state of
aclecular nitrogea. The Kinetics of these coupling processes zare discussed in
scme etail in Pefs. 134,133,

The purpose oI this task was to try to guantifv our observations mora

car2Zully than in the past, and to try to provide some additicnal support for

the contention that Ns(v) was the enerjetic species responsible for the IT
excitation. Soze tiame was spent: trying to develiop a relatively clean source

of No(v) which would have reduced number densities of nitrogen atcms and vari-
ous atosnic and molacular metastables; trying to implement aad characterize a
diagncstic for vibrationally excited nitrogen in the flow r2actor, and addi-
tionally to study aorzs fully the transfer of enerzy between active nitrogsen

and IT.

(&)
.
w
-
[3¥]

Ceveloanment of H-~{v) source and diagnostic

4

3.3.2.7 Intrcducticn--A source of vibrationally excited, 3round-

state nitrogen that was frae from atoms or atomic and molecular metastables
would prove invaluable in these studies. Morgan and Schiff showed that vibra-
tionally excited nitrogen, which was created in 2 microwave discharze through
itrogen, was easlly removed with only a slight reduction in the nunmber den-
sity of nitrsgen atcns when 2 glass wool plug was placed in the flow rz2actor

scmewner2 downstreaa frow the discharge (Ref. 156}, This technizue Jevelo

2

G,

'y

(XN
(AN

£rom th21r obserwvation that the vibrationally exzited nitrogen was zor2 23Ii-
ciently removed from their flow r2actor by wall collisions taan wWere the

nitrogen atzas. 1f one could reversze the order of wall-raccozmbination
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efficiencies, then one could envision ra2zmoving the nitrogen atcus -- Cr at

least drastically reducing them =-- while retaining the vibrationally excicad
nitrogen, 3ecause wall collisions remove electronic mnetastable species Wwith
almos+ anit =2£fficiency, cne would then be left with a flow that was

vibraticnally excited, ground-slactronic-state nitrogen. ira scraan

wera

/1

[e8

acdded to tha Zlow tabe downstrz2aa from the discharge, hoping that they woul
remove the atoms <efficiently, while leaving the vibrationally excited nitrogen
largely unaffected. This idea stems largely from the work of Reeves and
coworkars (Reis. 1587,158), and Xenner and Ogryzlo (Ref., 153), who hava
observed 2lactroniz 2xcitation Zollowing catalytic recombination of atoms on

various wira scresns. Most 25 the workx used screesns made f£roam nickel wirsz,

The first idea Zor devalcping a diagnostic for vibrationally excitad
nitrogen was to 2xt2nd the psicneering work of Schmeltekopf et al, (Rei. 180)
and Younj and Hora {(Rels. 161,162). They relied on the vertical nature <i

Penning-~icnization transitions Zrom ground-electronic-state, neutral nitrogen
to produce Ny ~“:u v) distrizution characteristic of the ground-stat: dis-

tributions. Mixinz aetastakble nelium atoms with a flow of zolecular nitrogjen
results in strong 2czissicn of the nitrogen first-negative systan, N:'(S -t

K‘:g°}. Since the Penning-ionization prccess follows a Franck-Condon =xzita-

tion pathway, the vibraticnal distribution in the neutral, ground state ~ill

determine the distribution ocserved in the upper, ionic state, Cne prciien

3]

with this approach is that cara must be taken not td have any He' or Hez in

the flow of zetasctartie helium, 2oth of those species also excite No™ (3] guits

{n

. : Do “ . . o :
strongiy in charze-transzfsr reactions, but with an Ny (3) viorational distri-

bution that is Jdecicedl

Ry

non-Tranck-Condon (Ref. 163). The major protlea in

<
pal

applying this diarnostic to our studies of energy transfer to IF is that the
diajnostic is most sensitive to vibrational excitation of tnhne first f2w vicra-
tional levels in the ground state, The excitation of IF(3), and N3{3), on the
other hand, reguirses vigrational excitation of about 10 and 30 vibratisnal
juanta respectively %to effact the excitation. We had hoped to e abtla o
estinact2 the overall vibraticnal distribution of the ground-state nitrcgyen bdv
compining our 2xcerizental detarmination of the vibrational distribution in
the first f£2w levels with modeling calculations on the temxporai devalcnzent of

the I..ly Zcuplat viocratlonal-3tate zanifold (Redsz, 144,183,
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»
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3.3.2.2 GEZxgerioental--The apparatus used in thesa exgerizents has

teen Za2scrifed in =ost ra2spects in Subparagraphs 3.1.2 and 3.2,2. This zara-

grach Zescrites the zocdifications requirad for the =easurements relatad td

Nz{(v). TFTigure 27 sncws the configsuration of the Ilow resactor. A zicrowavs
dischar3zs at the azsctr2acm 2nd of the f£low rzactor, througn 3 £low cf nel:iux

and nitrogen, creatad the active nitrogen., The active nitrogen entarad a sec
tion of 2~in-diazeter ?yrex3 containing three side aras, Saall amcunts of 3

£lowed thrcugh the Zirst side arz to attach electrons cr2atad in the Penaing-

(']
iy
(24
t
[
0
oy
1]

ionizaticn r=2actions., A rod, to which the metal scresans wer
extaended through the second side arm. This allowed the scresan to e rotatad
aither zarailal o, ¢or noraal to, the gas flow so 35 to vary the =Iilzctiva
difZision langth tetw2en the 3gas species and the wire surfacas zsn ths scrazn.
Thus, tne 2Ificiency could e varied with which the scrzen scavanged activa
specizs from the fl:cw., The metastadble helium atoms entsred thrsugh the thicd
side arm. A second length of 2-in flow tube separatad the Na(v) preparaticon

and characterizaticn section from the stainless steel viewing ragion., This

MICAnAYE o
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Flow raactor for studies on the wvibrational 2ner;
activa nitrogen and of IF excitation by active nitrsgan,
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tion was Taflon ¢oatad and containad an intectsr Zor IF.  we rnave diszcuissad
and cnaractarized %the IT scurce previously (Ref. %). The J.5-z zonochrzmetisr
is mountad cn rails so that it could Ce zoved toward the upstreaa end oI the
reactor td observa the fluorescence cra2ated in the Penning-ionization raac-
tion, ¢r tack to the stainless steel viewing region to observe tiae interaction
of active nitrogen with IF. A photomultiglier/interference £ilzar cozmbination
(580 = 5 nm) provided pnotocetric measurcaents of the intensity of the

nitrogen first-pcsitive btands in the viewing region,

[

-~
-

A hollow-cathode, dc discharge through a £low of purified helium cr2ac

the zetastabls relizm atsas., Flowing the gas through 3 mole2gular-siave trap
at liguid nitrogen temperature upstrean from the discharje removed most of tne
impurities in the helium, including nitrogen and oxygen, wita the excaptisn cf

ome residual neon. The small anounts of neon (<10 ppa) have no effect cn
observations. & number Oof years ago, it was shown that operating the hcllow-
zathode discharje at high voltage and hijn current tended to produce siznili-
cant number densities of atomic and molecular helium ions (Ref. 163). These
ions ara an anathema %o the Panning~-ionization measur=ments cvecause they sro-
duce nighly non-Franck-Condon distriouticns in the N2+(B). Thus one woulsl Ze
i2d to fals2 conclusions regerding th2 extent of ground-stats vibrational
axcitation. The discharge was operated at 350 ¥ with a current, limit=d 2y a3
200 % rasistor, pelow a milliamp. The absence of significant ionic nuzoax
densities was confirmed by failing to obsearve Nz*(a, v! > 2) when the active=-

nitrecgen discharjze was off.

®

3.3.2.3 Theoryv benind the Peanning~icnization oeasureaents--In

Fenning-ionization between metastable helium atoms and molecular nitrogen is 2
vertizal process., Cne can calculate the vibrational districution in the Zfinmal
state, therzfore, knowing only the vibrational distribution in the lower stats

and the Franck-Condon factors that coupla2 the two states together. Thus

N, o= N £ (132)
v wh v v'iv"
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winere v' ancd v" r2present the vidbraticnal levels oI the upper and lowey

states, respectively, and IZ,i,n 1s the Franck-Tondon factor cougpling thea.

thecry, 1if one zeasursd the vizrational distributicn in the upgper state, it

ower state 2y sioply inverting ths

t-

cou.l ce detaraina2d in the

rn
(O]

ring this inverse matrix on both sides i
procedura does not work in practice tecause the measurements of the ugper-

state populations have soxze uncertainty associated with them, and the uncer-
tainties beccme jreatly magnified by the matrix oultiplication. Jolly at al.

1

5

(7]

(Ref. 166) apparantly Jdid use t! apprcach to analyze UNj(v) distritutions

creatad in 2 glow discharje. 4We do not understand their success in lizht of
our lack of it. Cur spectral fitting approach for Jdeterzining Ny  (3) numler
denzities ocught to ke mora accurate than their jraphical integraticn of cone

branch Zrom each band. OJur data was analyzed using a nodel to descrizs

(o

A set cf Traack-Ccnden factors was calculated over the range of gr-un
electroniz-state vibrational levels of O-18, and N;7(3)-states vidrational
levels of 0-9., The calculational zrocedure was praviously discussed fcr
deteruining Franck-Ceondon facteors (Ref. 167). Tacle 14 snows tne rasul:s of
these caloiiatiors.  Siven the Franck-Condon factors in Table 14, tn2 exgsce
N2°(5)-st3:e vioraztional zorulations were caiculatad relatiwva ¢o that in

-

ae .
\

[1%)

, v' = L) Zzr a numbder I values of vibrational temperatura2 c¢f Jrouni-

<

S x ey
2Li3Tri1cd

state nitrogen tetwaean SC0 and 20,000 K, assunaing a Solitzx

I
o
e

agong the levels. Figure c2 shows the results of these calculations. If the
ground-state vibrational level populations follow a Boltzmann distrisution,
one can use exgserimentally derived ratios of the populations of the various
vibrational levels of N;7(B) rslative to that for W57 (3, v' = 0) and Fijura
t> £ind the vibraticnal tengeraturas of gJround-stat2 nitrogen which corrz-

gernidz to those 2xcited-state population ratios. The excited-state populatio

7]

ratics, of course, result frcm analyzing the N2°(3-K) spectraa excitad 1n the

Penninz-Ldnizatinn reaction,

139
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Lo~ IZ the ground-electronic-state vibrational levels do not [0oilow a
(| 3oltzmann distrisution, one can still cempute expectad excited stats Dosu.la-
g; tions Zrzm Eg. {!131), 1if the ground-state distribution is Xnown. ZIZilluents

" .

Nﬁ €rom nitrggen <discharzes ars Xnown tT have noneguilipriuam vidrational Zistri-
“w

-~ . . s ;- . R B . . .
> butisng, wWwith tn2 aigher vinrational lavels genera2lly mors strongly zcrulatad
! than would te pradicted on the kbasis of a Boltzmann distribution., Capizalli
k) - A .
) and Dilonardc (R=f. 183) provided an analytical approxization which is r2ason-
‘ -

~ ; - . . . i ‘- -
' N ably accurate for ground-state vibraticnal levels Delow about v" = 0. f©or
"

~
-

0 . . . s * . . o P s
vibrational levels btelow the Treanor zminimun, v , the distrizution i3 that

o

Jiven by Treanor et al, (Ref, 169):

o
- ] . N\ e~
' , 1.43830 5 - 20 % _ 1.4388 . x_
(- A wr “ e eer " e 2./ .
i - = 2Xp .~ V - {v"=1) - A L103)
", Tyns=o / 1 - '
N
where 14 1s th2 3cltzmann vizrational temperature raferenced o V" = 1, T i3
- '
L
& 4 . _ )
x; the azbisnt Jas t2aperature, and we 20d sgXg ATe $PeCIXOSIOPLIC Constinis in
S
v . - - B . . S n ok eem e
Y anits of ca™!, The 2oltzmann vibrational temperatur2 1s given oy
N
e
S
) -
\. ‘_Je - 2~,.)=X
< 7, = e — - {10x)
n, i < Ln‘nv"= /.‘V"=O’
)
8 o .
P . . X .
& : For vioraticnal 12vels above the Tr2anor minimum, we hava
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3.3.2.4 2Reasults of the P2nning-ionization measuraments--Figuras

84 show 3 portion of the nitrogen first-negative spectrum with the
active-nitrcgen discanarze oI and on, respectively, Clearly, the vibraticnal
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L3 greatly enhanced by discharjing the ga

(03]

n
deternined wvibratisrnal populations in the upper state by fitting the spectrin
in the manner alraady descrited in Subparagraph 3.1.2. Early in this measure-
ment prograa, it was discoverad that zoving the monochromator slishtly Zdown-
str22m Irom the injector, through whicnh the He” entered the reactor, resultad
in a much duilt.cent vibrational distribution in the upper stat2. Thera

appearad to» De no ra2ason wWwhy the vibrational distribution in the active nitro-

gen snhouid chang r short distances., A diffuse emission cculd be se2n

[

IV

14

(]

xt2nding somewhat Jownstrea: from the well-defined flame crz2ated by ths
Penning-ionization., Several centimeters downstream from the injector, the

Penning~ionizaticn flame disappearad, and only the diffuse emission renained.

Fijures 35 shows this spectrum. ©On the assumption that the emission was caused
y e

NoY (X}, a trace of SPg was added to act as a
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scavenger £or the electrons. This addition eliminated the diffuse Iflame, and
also ra2sultaed in N (3] vibrational distributions which did not change wizh
~he lIccation of th2 nonochrcmator relétive tc the He™ injector. Presunmabdly,
the elactrons cra2ated in the Penning-icnization reaction pick up soue extra
Kinztis energy =:theér {rom stray aicrowave fields which have peasetratad downe-
3trz2aa, orx 2132 from collisions with energetic species in the active nitrogen.

The ancunt of eneryy must e fairly ccnsiderable, because exciting Nz’(S) from

[N

juiras z=ora than 3 eV, All the results given in the following para-

w

graph ware obtalnsc¢ in the praseace of small traces of 5Fg.

[P 4}

The first-negative s

(@]

ectra were fit to obtailn populations for levels J-3,
althouzn, f£or the most part, only viorational lavels 0~7 contributa2d4 any

sijnificant intensity to the spectra. A number of different and confliictiaag

t

. s 22 2-
ein cosfficients for the N% (B ry™ - X4Ig%)

s2t3 of Zins £i11 the literatur2
(z=2fs, 32,112,170,171). In particular, the constancy of the electronic tran-
ition acment witia r-centroid is unsettled (Refs. 172,173). For the analysis

cf Zata takan for this report, a set of Einstein coefficients hava Dbeen Zalsu-

lated tased upon the ralative electironic transition coment wvariation 2iven oy
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Alzritton et al., Ref., 33) and a3 radiative lifetime of doo3,v’=3} ol 9i.3 ns
(ReZ. 33). Taple 15 lists the calculated Einstein coefiicients. This issue .
of transition-aocment variation is being investijated further, The inter-
2o0lecular potentlal constants Jiven in Lofthus and Xrupenias {Raf. 28 wars
found to ze inadsiuate for predicting band pesiticns accurataly, The fliting
proegraz uses the racent potential constants of Jotitscho et al, (ReZ. 17¢;.
= - : ~ s 3 » - g '-1'- ¢
TABLE '2. <Zinstein Coefiicients for Jz’(sz;u* - 'tgh.?
1 | | |
viowr= 0|0 2 | 3 4 5 5 7 3 RN ) !
! i
! B | i
] ! | |
0 11,1 [3.37.10.886:0.154[0.026: f ‘ |
= =z i = i 7 15 : !
1 5.87 2.75 4.34 [1.71 |C.45410.0970.018 ! , !
2 0.391)7.32 (2.31713.30 i2.20 ]0.78910.214{3.04¢ } : i
- - = - - - an - - - - ! |
3 0.053712.22 17,22 2.03812.33 12,29 [1.38 [0.3561]2.02810.523, ‘ :
= = = < P . = ( ; !
! 4 P9.15413.54 ]7.29 (0.086{1.34 {2.0% |1.26 10.50% 0.101! !
3 ; 0.25314.32 [6.59 10.327]0.060211.74 |1.31 {0.822{0.,227 i
5 9.312(5.21 16.17 |0.45210.234{7.38 {1.26 |G.533 |
7 0,010]0,261)5.406 |6.19 |0,345(0.075}1.,38 (1,15 f
3 0.06610.12816,32 [|8.32 [0.174{02.208!0.337 i
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Analyzing ta2 Y437 (3,v') vibrational distributions with tne help of

Tizurs 31 javes dilferaat ground-state vibrational temperaturas depeandin: upon
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which apner-state vibrational lavel was considered. The a
Groups. IThe teageraturs Jdeterzined from v' = 1| was only 53 pe2rzent o5 that
deterained from v' = 2 and 3, which were themselves reasonably consistant.
Vibratisnal temgeratures deterained from v' = 4-7 also were reascnatiy consis-
tent with each other, but were 30 percent larger than temperatures detarmined
from vidbraticnal levels 2 and 3. Clearly, a Boltzmann model £or the ground-

stata victrationai distribution is inadeguate,
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lons to the analytical model 3iven oy

(24
[

Aistribu

[&]]

JilonarZo was =mor2 successiul, Figures &6 and 37 snhow two exaaples. Cllearly,

/7]

the noneguliibriun model dces a reasonatble job of fitting observations ou:

througa v' = o, The sudden discrepency at v'=7 is not clearly understcod.

1

The distribution is shown which woulld e pradicted wera the 3ground-stat2 to bLe

Keé]

deterainad by a 3oltzmann distribution. This shows graphically the inadsguacy

w
ot
(7
-
(1]
<
]
’-A
[

of that model for thne ground- We hope tO use an ifaproved mogel

to predict the population distribution up to nigher vibrational levels.

&

Observaticons show that effective vibrational temperatures, 27, as djeter-
pmined Zrca fits of the data =o 2gs. (103) and (1095) rather than what ¢ne wsuld

rn

calculate from Z3. (104), tended to be szmaller with larjer nitrogen 2a0l2 frac-

hijher total

ot

ions Zlowind through the discharge (Tigurs 88) and also at ras=-

'3

sures, Placing a nickel scrz2en in the r2actor, downstream frow the discharje,

only slightly raduced the effective vibrational teaperature of the nitrcgen
akout 3 percent), The Penning-ionization hnique 5 to provile a
( t cercent The Penning-ioniza techniqg appear O provili

r2ascnably accurate amonitor of the vibraticnal distribution of 3round-~

[t1]
[

ectronic-state nitrogen, at least for the lower vibrational lavels.
Zxtending the aodel to include higher vibrational lavels would need
experimental confirzation. An Np(v) diagnostic is being develiosped whicn

shculld prove sensitive to higher vibraticnal lavels ander another contracs,

It was uncertain as to how well the populations of the aore enerzatic

iriv) could ze Jetarmined using the tachniijue jus

[as

viprational lavels oI

(L

=
=

n

<

"

iced coupled wita model calculations, we sought a diajnostic for N;.v.
containing enerjies of several eV, These are the lavels which would bhe
responsible f£or the observed excitation of IF(8) and N3(B). JSne possizility
is to search fer tail bands of the first-negative system, The tail dbands ar2
bands from nizh lying lavels of 32’(3); 2.9., v! = 12-16, which ar2 vrad
dejraded and which appear to the rad of the normal, blue degraded sejuences of
the firstenegative system. Levels up through v' = 13 are enerjetically
accessizle from w" = Q0 of Nz{X), but vertical transitions t> these levels

~20 waicnh li2 4 to > eV azove w" = I,

w

would acst likely occur froa v" =1
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Figur=s 36. Compariscn between experimental and calculated vibrational distri-
butions of N5 {3) created in the Penning-ionization of activs
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Another possibility is to excita the nitrogen second-negative systen,

N2 (“Zu‘ - Xzig*). This systea can be excited by collisions betwe2n
metastable helium and molecular nitrogen only if the nitrogen has at lesast
3.8 eV of internal energy. Because the N2+(C) potential curve is soamewhat
offset from that of Ny(X), vertical transitions connecting the two states
would arise from ground-statz levels around v" = 10, Observing the second-
n2gative systen, theraiore, weculd provide uneguivocal evidence of hijnlyv

2xcitad ground-state nitrogen in the reactor,
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A guartz pi2ce was buil: for the flow r2actor so that a search coull Te made

he second-nagative systa2a in the ultravioclet zetween 135 and 2C0 na.

In
O
"
ct

Figura 39 shows the spectral region between 138 and 208 na with the zetastable
helium <£f and on. In both casas, the active-nitrogen discnarze i3 on.
two featurss agpeariaz at 131 and 193 nn are the iv = =5 and -7 ssgusnces,
respectively, of the nitrogen second-negative systam. The iv = =3 seguence at
206 no is masked by the 2,9 band of the NO(A2L™ - X27) systea. This systea is
excited by interactions between N2(A3Zu+) creatad in the active-ni

T
charze, and some impurity NO alss creataed in the discharge {(Ref. 177)., Scans
d

with the active-nitrocgen discharge off, but the metastable-helium discharze on
resulted i1n no coserved emissions, This latter observation is important
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becausa i* 2staslishes that He™ is absent from the metas:

oy

(@]
o

U0 A e e R
et
I
4""'#

<

.

F
(>
<

H

[}
(e}

'
~J
=
L 3!

1
i

E fad q f E
= e N 4
= M\, METASTABLES AR P
N = 0.3 oA ON / p J A w0
0 = V'S ] 4 A T
o = ] " v L
- = \ A ¥ ; :
A '-: :E "(v |\, , ,’/‘J \"."\(.",_“‘) d } A
o , / ‘ ]

[ RN S SR SR Ny

-t

e 1 . -.f"%g;& Jra S Af’ th
“ETASTABLEM %"

4

‘ F
L CFF 1 |
15C 145 200 208
nAVELESNGLTH (nm) .
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absence and pr2sence oL aetastable h2lium 2tdas,
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0 Cbserving tne nitrogen second-negative systea froa the interacticn
between zetastaple helium atoms and active nitrogen estaoblishes the zrasance i
in the afterglow of zetastabls nitrogen containing at least 3.8 eV. Ilne pos-

ty for these zetastaoblas zmignht Dde NQ(A3:u+) or Nz(a'1:u‘) bota 9% waich
:

P

sioil
have been observad in active nitrogen afterglows. <Clean sources hava Ddeen
made of these two metastables, therefore, and ocserved the rasulting spectr
when %hey wer2 aixad with helium getastables. The N2(332u+) is produced
cleanly by adding N, downstr2anm from a hollow-cathode, d.c. discharze Iarouygh
a nixturz of helium and argon. Scans of the Vegard-xaplan bands betwaen
220 and 400 nm established that the N3(a) number Jdensities from this source
ware cf comparapie magnituade o those oobtained from the active-nitrogen
discharg2a. Turning the metastable nitrogen on and off in the presence of

ble helium had no =2£{fect on the enissions in the region betwaen
185 and 200 nm. Nj{a') is made along with slijhtly enhanced number densities
of N;{A) - aboul a factor of 3 - when the molecuiar nitrogen flows thraugh the
dc discharje with the He/Ar mixture. Again, turning the metastable nitrogen
en and off had no effact on the emissions betwesen 135 and 200 nm. It was con-
cludsd tnat interactions between metastable helium and N3(a) and Np{2') 2o not
crcduca N2+(C). The appearance of Nz+(C) from the ianteraction betwe=n neta-
stagie heliunm and active nitrogen, ther=2£fore, appears to be the resul: of
Penninz-icnizaticsn of ground-electronic-state nitrogen containing at l2ast

3.8 2V of vibratiocnal energy.

The first-negative bands in the presence and absence of the molecular
azl

o]

nitrogen netast 2s wer2 monitored, to see if the hollow=-cathode sourtes pro-
duced any significant levels of vitrationally excitad nitrogen in lower vicra-
tional levels. The ratio of the populations of v' = 1 to v' = 0 of 32*(3)
remained unchanged in the presence or absence of N3(A) or Ni(a'), and we saw
no evidence of any higher lavels of N2+(8) except for the trace of v' = 2
which accounts for 0.2 percent of the Penning-ionization of 200 K N:. Wwe con-
clude that the vibrational ta2mperature produced in the hollow-cathode dis-
charzes is belsw 1300 K and %that this discharje produces no sijynificant levels

0f vizrationalliy excited nitrogen, i.e., > 96 percent v' = ),
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In summary, Peaning-isnization of Na(v) by metastable heliun atoi¥s

excites Ni-T(3) up to at least v' = 3. Analysis indicates the jround-state .

3
ot
ct
L
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s}

vidbraticral distribution is nhighly non=-3oltzmann, with eflactive
vibrational temperzrxturas of 2p to 6,000 X at times up to 0 2s Zownstrzzz Iroa
th2 active-nisrsgen discharze. The diagnostic is cowplicatad oy the sresence
of f£ree elactrons cr2ataed in the Penning-ionization, These £fr2e electrons
adsors 2nerjy frem tae active-nitrogen nedium and produce further excitaticn
removes the free electrons Srom the reactor,

5
and theraby, eliminatas their interfering effects. <OCbserviang en

%
th
']
P
O
o}
th
"
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[

N5T{2), from Penning-ionization reactions in the afterglow, demonstrates the
< 3 )

presence of Noiv) containing at least 3.3 eV internal enerzy.

3,3.2.5 Cbservations of nitrogen first-positivs ezission--

Anotih2r p»ossitle diagnostic for the prasence of Np(v) with relativeiy larsz

<

aaocunts of intarrnal enerzy is to menitor the enission of the nitrogen first-

pcsitive bands, N2(331g - A3:u*). These bands emit strongly in the aiterglow

many <2ns of milliseconds downstream from the discharge {(Figur=a 30}, Some of i
the cbserved emissicn, of cocurse, is just normal Lewis~Rayleign aftergicw
which is 2xcited Zrom the reccabinaticn of atomic¢ nitrecgen. Such eaission, -

howevar, has a very characteristic viktretional-level districution, p2&axin
3 P s iy

"

oa3ly in vibrational lavzls 10-12 at low pressares in nitrogen or neliun

-
[

w

izure 3'). In addition, Zor the N-atom number densitiss prasent in
the reaczor and ke total pressures in the systa2m, such emission i3 reiativeliy
w2axk. <The prinary emission cbserved has a vibrational distribution which
seiXk3 at low viodrational lavels, is relatively strong at low prassures, and
quenches readily upon the addition of molecular 3species such as 02, CO, and
CO3. The gquenchin3z is much too efficient to be either electronic juenchinz of
the first-positive emission itself, or to result frcm reactions of the wole-
culess themselves Wwith atomic nitrogen. Thus, a long-lived metastable state ¢f
nitrogen travels Jown tne flcw reactor many milliseconds, and then is coupied
2

“ite in the field of view. In this way, the

n

nizrysen first-cositive esission can act as a tracer cf this zetastacle
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The only three xnown elactronicallv excitad nitrogen zecastaciss With

sulficiznily long lifestimes to travel tens of millisecconds dewn the flow raac-

C), and Nz(WBAu. v! = J), ZInergy-zooling

tor ars K:iA3Su'), Nﬁ(a12u”, v!

r2actisns Of YNzlAl are, inde=d, a source cf Nz(3) excitation. ‘easur2zents in

€2

raca 3.2, howaver, have Jdeaonstrated that 2ner3y zooling cf
to 1019 nolecules cm™3 prcduce N-(3) number densities

2 1 - . : .
o0f oniv 133 o 10* zolecules cm™3. The active-nitrogen scurce of U

the c¢th2r hand, Zznerates number densities three to four orders of zagnitude

W
~
Ky
®
n
o€
«
-

gr2atar than this, Molecular hydrogen re2adily quenches il
Adding szall tracss of molecular hydrogen to the active nitrogen alfterjiow,
howewvar, has little effect the first-positive intensities at number Zen3iltii2s

sufficisnt to remove 2ll the the N-(a'). The Np(Ww, v'=C) state lies 73.3 co

atbove W-.3, v' = J) (Ref., 179). Several werxers hava2 shown that the == and
Weszates ara couznlad guite efficiently (Ref, 132,132,i147), Collisions wiza

the nelium bath gas would couple the N (W, v' = J) to Npi3, v' = 7 waer2 it
would decay radiatively on the time scalz2 of tens of microsecoands. it is con-
cluded, therafore, that high vibrational lavels of the ground-elactronic state -

of ni%trogen coupls with Np(3) in the reactor.

Placing tha Ni screen in the resactor does attenuata the N3(8) intensi-
tias, out Z2oss act change the cobserved vitrational distritutiosa (Tigure
2y rotating the s:cxzen eitner aorzal to oOr parallel to tihe 3as flow, w~e cuoulid

vary the first-poslitive iatznslity by up to a factor ©

X3
(Y}

v
(]

imilar chanzss in
scre=n positicn raduced effective nitrogen vikrational <2wperatur2s Dy nly
2{B) nunbar <ensity does vary linearly wita the
nunber density of No(X, v » 5), as deterained from vibrational taaperaturs ‘
Reasurazents (Fiz. 23), but placing a Ni screen in the flow raduces the N-{3) !
nunber density drastically but has only a small effect on the NjiX, v > )
nuaber Jdensity. Thus, the corrzlation is only jualitative, aand no juantita-
tive ralationsnips result frow it. The npeasurements shcould be razpeat2d using

- .

~"{Z) as the u-.v) diagnostic,
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neil Figure2 92, Vibrational distribution of N?(33Ia) in active nitrogen
for various attenuations bty a Ni scr2en downstrzaa froa
[N ~he dischar3e, but upstr=23am from the observation region.

> » For a nunker of the measur2ments to be discussed in the next paragraph, a

“:8 pahotsmeter centared at 530 na was used to measure relative W-(3) number dansi-
ties. Care must D2 taxen in using this diagnostic that the rslative vibra-

v

‘*:“ tional distribution of the N;(B) remains constant. If the vibrational distri-
bution does not chanjge, Fij. 74 shows that the photoneter does jiva an accu-

Y, rat2 detarainaticn of the H-12) number dJeasity.
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Gt

oov of active N5 plus IFP=-~Figur2 33 sacws a2

spectriz of active anitrogen Setween 430 and 780 nm in the absence and zZrasence
of adled IT., To characteriz2 the sgectrum better, we normalized the twWwo spec-
tra to ths 2,0 through 4,z first-positive bands between 740 and 7590 nm, zand
then suztracted tha active nitrogen spectrum frow that with active nitrogen
plus IT., Figure =6 shows the result, While some of the featur=2s in tne spec-
trum ar2e the I?(3320+--X1:+), a number of the spectral £fz2atures zelong T2
pands hava not zeen identifisd a2s 2eing known bands of IF or similar asle-
cules, TITwo such syst2ms have been identified which ars labeled | aad

A~
/

Fig. 3%. Figures 27 and 93 show plots of the transition ensrjies Ior systazxs
1 and I, respectively, plottad against the number of the peak as it aggears on

Assuzing that the two observed seguences result sither Izca

o
or
o
[47)
g
[e]
o
O
ot
3]
gl
(9]

b ]
7

5&; tranzitions from 2 common upper-state vibrational level to a nuaber oI
tj}: di1fferant lower-state vibrational levels, or else transitions from & nunper of
‘:ﬁ different upper-state vibrational levels to a common lower-state vibratiicnal
L level, the sloges of these plots giva ;o for the state of varying zuantun
jg: . nunber, The rasuliing sloses Jive 4, Values of 567 = 3 and 3387 = 19 ezt Zor
Y
':E systeas | and 2, raspectively. Table 16 shows the ,, values Ior the <nown
:;V elacstronis states ol IF and similar molecules which might possibly be In the
~) active nitrogen flow, ZSyste2 Z is not too greatly different from the .,
':H valuies fsr the ground-electronic states of IF and IN, In that case, howevar,
%
‘i:- the otserwvad systzz would be a new one since the observed bands dc aol line ug
ﬂ:ﬁ wita any of the Xncwn transitions in IF and IN which terminat2 on the gsround-
o
® lactronic statz. The o Value for systea 1 corresponds more clossly witih
I"

~ that Zor the grzound-elactronic state of 10, but here again, the observed srec-
o o s - . :

):; trum does aot match with known transitions of IO. It was concluded that two
T - _ . .

) j new tand systeams of IF or a similar molecule had been discoverad. We hope to

ootain bettar spectra in the future to aid spectral identification.
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o
'l;‘ 3 3 v & c . saral .
‘N? 3oae of th: dtserved spectral fz2atures ars from the well kaown IF{3°7 %_.
roe
o |- - : .
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observed spectruz cannot fif by the noraal least-sguares agproaci. W have

detarained the contributions to the sgectrum from IF(3) by fitting individual
I#(2) casis functions by trial and errcr antil an adeguat2 agreement i3

(O]
(24
e
w
ot
©

octainad with the obvious IF(B) features, Figuras 99 tnrougn 101 illiu

this zrocedurs ovar tahree 2ifferent wavelength regions. The odserved spectra

By

alrz2aldy have had zhe N» first-pcsitive centributions sudbtracted ou
2 e

[l
(V]
rn
ct
a3
P
3]

The sp=ctral recion between 435 and 300 nm contains aostly zands of IT(3) Iron
vibrational lavels v' = 3-3. The populations of these vibrational levels,
therelore, can be deteramined fairly cleanly in this spectral ragion. The con-
tributions of these levels to the spectrum at longer wavelengths then will ke
reasonably well determined. Over the wavelength region between 500 and 830
nm, the major vibrational lsvels of IF(8) contributing to the spectrua ar=

v' = J-2, Fairly isolat2d bands at 533, 351, and 563 nm detarmine the v' = 1

popuation reasgnadiy well. In the spectrum shcwn, the v' = 0 and 2 popula-
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ainaed onlv by fitting shoulders of mands. <Certain condi-
tions in the r2actor faver the IF(3) over systems 1 aad 2, 50 that scite 35eC-

IS

tral Si1t3 give juiss 3Jood populations £or-v' = 0, Figure 102 sunmarizes the
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opulation distributions Jdetarmined Irca Zits to several spectra., The vicra-

&

o

tional districution f£its juit2 well 0 that given by an 1150 X Zoltzmann
vibrational temgerature. The significance of a Boltzmann distribution in
teras of the dynacics of the ener3y transfer is unclear. In addition, such
dis<rizutions ara2 somewhat dJependent c¢n the conditions ¢f the measurezent
since IT(3) vitrational relaxation by He, Ar, and N, 1s efficient (Refs. &,
Figure 103 shows the residual spectrum of the two new band systams when botn
the active nitrogen and the IF(3) contributions have been subtracted out.
Figur2s 104 and 105 show spectra vetween 450 and 830 nm taken under condi-
tions £5 enhance svstem 1 and IF(3) features, respectively, ra2lative to the
othsr twWo systems.,

* < : - : : . . : '
3.3.3.2 IF Excitation Rates in Active Up=--To characterize the

enerzy transfer between active nitrogen and IF, some I7" excitation rates havs
been zeasursad. The IF will ce ia steady state in the observation volize 359
tha: its formation and destruction rates can be equated. Neglecting IF"
guencning gives

- ® v N ‘
I__» =X IF ;=R N

M e N
IF Trad- R (137)

whera X,y is the excitation rats coefficient for IF excitation by activa g,
and Xy3a is the 17" radiative-decay rate. Equation (107) 3aows that without
knewing the identity of the precursor for tne IF excitation, the product of
the excitation-ra2te coefficient and the number Zensity of the precurssr

species can oe deta2rained.

Figure 10% shows the variation in the intensity of the 5,0 band of IF(3)
as a fianction of nunmber Zdensity of added IF for a number of different initial
N3(3) number densities in the reactor. The N,(3) number density was varied by
changing the angle of rotation of a Ni screen in the flow, and was amonitored
with the 530 nz photopeter. Figure 107 shows that the excitation rates deter-
@inad from the slopes of the lines in Fig, 106, corrected for absolute photon
enizsion rates and for the fracticn of tctal IF(3) emission agpearing in the

,% zand, vary linearly witl the measured N(3) number densities. If N-t3)

-

w

wa2r2 the species responsiole for the IF{3) excitation, the slope in

w
(W)
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N would jiva the axcitaticn rate co2fficient., The value Jderived, nhowavar, .s
(3.3 = 2.4) x 1372 ca~3 golacule~! s", zore than an order =f cagnituce
greaater tnan gas Kinetic, @meaning taat N;(3) cannct T2 the excitation zariner.
The <ata show jJuite cleariy that the excitation rates do vary with Nod

Bk naober density. A previous study indicated this w7as prcbably true (3ef. &),
Ot but scatter in that data prevented unequivocal confirmation of this corrala-
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v3, dces not azpear to be the actual precursor itself, ratier the o2etas3tacle

: =
-

tes the I

P

(4
Y
F
-
O
iy
17
>
(9]
=

emissions apparently also is coupled ccilisionally te

®

-
—
[
[o]

2 0

W D ORI 1, v, W0 V0, Va Ty WYy M) Mg
1)
W e 5"1.":"‘ byt e "t‘-"n’"-’l'n’i?:tl'q"'y'l‘a?"u‘ﬁ'g‘,"e AU I ,l‘-fi‘::Ofng'l,l?;tﬁ'o,



ekttt i ok iaib ool dolt A dda-dle Attt Al b el Sal Salh Talt Bl ad Rl B u-A il atA ard i sad o3 oke Safiana Ma-od-ad bei o des l- g e Lb A oy ]

BN
'a:‘.( 30 T T
| _-.'J i |

Dy

_.:\’.'~ —
TN
{

- 4
' — -
b =

A =~

- e

N - _

A, i
o A

V) = -
e -
D& =

Y —

g
i

e

e B

s

S

f .

-

N

“

X i
L™ -

[CF31]addeq (1011 molecules cm=3)

S o™i A0 - PR p - : ~ ; |
LA Figure 103. Intensities of the IT series 2 band at 538 n:a as a function |
:_—: of added IF number density.
A

A

>

a

30

g

£
20

LW

51;]

SLM OF
SYSTZM .~

‘.-"J e

3 r) { g
. ‘)\;';' P
ny

XA@ s
p 3

20

INTENSITY {108 PHOTONS (w-3s-1)

)
o
NG
'.1" !
b
C‘-fl
'.j- (¥z8 v' = 2-:27 71c6 moleculas cmd)
197N
e
LAY
3 "*

. Figure 122, Intensiti-3 of IFf series 1 and series 2 exissions as a
3 function of '-(2) nunmber zensity for constant IF
! :..- nuoc2r density,

b ,"1‘

o Ce 157 . .
) ,

iy

1

04

e

G

)

L)

00 P . » b
W PR :\"0.3‘1 IO 0,

QOGO LR 0 . LR 7
O W WO SR TR ‘f!f!.o.l.:? :'l::'t,:'l!o".:'\:'i"‘l. .:‘0.-\.0 :“U;,\t.:’l,:'sf:‘uf'.\.



4 4y -
,~’Sl‘ (‘{ T
SNASNS NS

RN
PR S
- ‘.'.

gro o,
! _'v'_'l A

5 o

. K e SRS 5 =3
. )
.‘-l‘-'"l CRCRENES
L T I NI S

PR
LS I
S et LS,

‘iv

Y &N
br 2

-

1'

@ 5

R
g
M

t
R

-~ -
3k
». '.i;.

T

"
o=

X
L'y
&%

<

Wty

b o v P

(R M) !
DR S
k.'-".'n‘! q‘f'a"':‘ .'9‘!‘"2':‘

Al Bad Bukt e

"
NN
Ca
e .

]
L

TR TETEETRE TR T AU LNV U T

M ot o ol ol ol bl ot ath AR i A st a B Ak 8 d 0 A NA A d B Sl Sl Rad Aok 8ol

In tae previsus study, the excitation rates of

either too large to e caused by the known long-livad metastables in the -r2ac-
tor, cr else they varied in a way which was incompatible with expectad varia-

tions in the nupber Zensities Of other xetastablas in the r2actcr. 7Tais

Temains o> Ze proven unejuivocally. In parcticular, siaultaneous letar-

mination of IF" excitation rates and number Jdensities of the atomic nitragen

s . 2 o . \ D1 e . - -
netastables, N(©2, “P) ra2mains *to be done. In addition, the N:(A3_u ) nunber

density in the active nitrogen has not been pinned down, althcugh the ooservad

F{3) vibrational distribution is incompatible with excitation primarily bv

No(A}, and the previous studies deaonstrated clearly that systeas ! and 2 are

not products of the interactica of No(A) with IF (Ref. 7).

tion rates measur=a2d in this study are somewhat smaller than
but

previously, transit tines tetwsen the discharge and the

were somewhat shorier, so pgre2suzably the nuaber Zensity ol

has teen juenched somewhat more extensivaly in the present werk.

—
e
Q.

£y -

. T , . .
WOLNY ,,u‘.'l‘.'a.:‘

X X M)

g W W TR . » e AT ARE N AP
o'.'l‘:::' .'.':'.‘ St il "4’:‘.,:‘-‘ o Wittty :‘:“':f:'tf!‘:‘a :‘:

AR

OO
"‘(n‘él




\d
.

1
!

a
r

PEY

1. <Cheah, C.T., Clyne, M.A.A., and Whitefield, P.D., "Reactiocns Toraing
Elactronically-Ixzited 2e Radicals, I. Ground State Reactions Invcolving
NFs and NF Radicals," J.C.S. Faraday II 76, 711 (188Q),.

2. <Cheah, Z.7. and Clyne, M.A.A., "Reactions Forming Electronically-Ixcicad
free Radicals. II. Formation of N(4S), N(zo), and N(zp) Atoas in the
d+NF» Reacticn, and ¥ Atca Reactions," J.C.S. Faraday II 76, 1543

(138C}.

3. Cheah, C.T. and Tlyne, M.A.A., "Reactions Forming Electrcnically-Ixcitzd
Fr2e Radicals. IiIl. Formaticn of =xcited “olecular States in the HeNT
Reaction,” 5. Photo Chem. 15, 21 (1331).

4. Piper, L.G., and Taylor, R.L., "Investijation of Induced Unimoiecular
Jecscmposition ISr Develogment cf Visible Chemical Lasers," PSI T3-:25,
preparad for tne Department of Energy under Contract 3Z7-70-C-02-29¢0,
*2C0 (1977).

5 R.d. and Taylor, R.L., "Generation of N3 in the

, S a, i
ceagesition of HaNj3," J. Chem. Phys. 71, 2099 (i373).

, Marinelli, Ww,.
Conahue, M.E., and Lewis,
Excitation bty Energetic Ni
Contract No. TL3531-32-C-0
No. TR=4580 (i12:23).

Green, B.D., Rawlins, W.T., Murphy, H.C.,
«, "Kinetics of Iodine Monofluoride

rogen," Final Report prepared for Air Torcs
3%, Physical Sciences Inc. Technical Rapor:

7. 2Piger, L.5., Marinelli, W.J., Rawlins, W.T., and Green, 3.[., "The
Excitation of IF(3°7g-, oy Np(A3T1,7)," 5. Chem. Phys. 33, 5602 (i3a5).

vne, M.A.A, and White, I.F., Chea., Phys., Lett. 6, 465 (1970).

2. Hertelin, J.M. and Conen, N., "The Chemical ?roduction of Electronitaliy
£xkcitad Stat2s ia the H/NFy System," Chem. Phys. Lett, 20, &C% (1973,

\:, 13. Clilyn2, M.A.A. aad Stedzan, D.H., "Reactions of Atomic Hydrogen with

:¢: #ydrogen Chloride aad Nitrosyl Chloride," Trans. Faraday 3cc. 52, 2164

e (1326).

o

a7

‘“i Ciyne, M.A.A. and Thrush, B.A., '"Mechanism of Chemiluminescent Reactions
Involving Nitric Oxide -The H+NO Reaction," Discuss. Faraday 3oc. 33,
139 (1382).
oing, A,, Xarlaw, J., and Weliss, J., "Production of H-Atom and O-At:ca
32335 Dy a CTocled Microwav: Discharje 3ource," Rev. Sci. Instran, 43,
1652 (12775,

L) W,
A“.'t*"i'}*u"i



” - WS - -~ - 3 Ny Al et Skt Aogl A B S a4 A ali Ak Ale Aln Sta Sle-Ado-AR VAl el sl Sad Lalh Ralh Bad daS-l e -k ald abd st e

13. Twexk, MJA., Herbelin, J.M., and Cohen, N., "Coilisional uenchiay anz
n

|
Radiation Cecay Studies of NF(a'a) and NF(p'I)," Elecironic Traasi:ion A
nasers, MIT Prass (1370).
14. Feontijin, A., Meyar, C.3., and Schiff, H.I., "Absolute Zuantuz 7Yield
Weasurements of the NC=-0 Reaction and Its Use 3 3Staniari Zor
Cheniluminzscent Reactions," J. Chem. Phys. <0, 64 (1254).

15. Vanpee, M.
Measuren

Oxide,"

4ill, X.D., and Kineyko, W.R., "Absolute Rate Constant
5 for the Radiative Combination of Atomic Oxyzen with Nitric
A J. 3, 135 (1971).

"
i

»
ent
AZA

16, Gclide, M.F., Roche, A.Z,, and Kaufman, F., "Absolute Xate Constant Ior
the O+NO Cheailuminescence in the Near Infrared," J. Chem, Phys. 23,
o - ~ h—

. 3353 (1873).

e _ i - . .
A 17. 3Solomb, 2. 2nd Brown, J.d., "The Teaperature Dependence oI thz Wl-2

n." - . . N . . - - - .-

};: Chemiluminous Recoabination. The R4C Mechanisa,” J. Chem. Fhys. &2,
Sl W =~ -y -

.“ 5246 (1273).

1] ':

- 13. Woolsay, G.Aa., Lee, 2.H., and Slafer, W.D., '™easurszment oI the Rat2
“i& Constant for NO~O Chemiluminescence Using a Calibratsd Pisten Source
’3{3 of Light," J. Chem. Phys. 67, 1220 (1977).

o ) »
‘ » 13. 3utoh, M., Morioka, Y., and Nakamura, M., "absolute Rate Coaszant Sor tae
- Chemiluminescent Reaction of Atonic CTxygen with Nitric Oxide," J. Creu.

v Phys. 72, 20 (1980).

O - 2
]
jﬁ* 20. ®ravilov, 4a.". and Smirnova, L.G., "Spectral Tistrioution of tne

" . . 3 A e . .

*ti Caemiluminescence Rate Constant in the O+CO(+M) and C+NC(-H2) Reac:tiovns,"
1) ¥inet. arc Zatal. 19, 202 (1978),

f:x 21, Xaufman, F., "The Air Afterglow and Its Use ian the 3tudv of 3Scze

Wt - : M- c e 5 - T -3 .
",: Zeactions of Atoaic Oxygen," Proc. Roy. Soc. (ucndon; A 247, 123 (12538,
N ==
aTs
:' 22, ¥“aufzman, F., "The Air Aftarglow Revisited," Chemiluminescsncs and
‘:ﬁ Siluminescence, M.J. Cormier, D.M. Hercules, and 5. lLee, eds., zp. 83-10C

: (1373).
\

- e

23. Husain, D. anq Slater, N.K.H., "Kinetic Study of Ground State Atomic
Hitrogen, N(Z“S3/2) by Time=-Resolved Atoani¢ Resonance Fluorescenca,"
J.C.S. Faraday 1I 76, 606 (1980).

ae, J.d., 'tichael, J.V., Payne, W.A., and Stief, L.J., "Absolute Rate of
e 2eaction of N(4S) with NO from 196-400 K with OF-aF and FP-%
ecnnigues," J., Chem. Phys. 63, 3063 (1978),.

25, ~Zlyne, M,A.A., and Mclerzid, 1.S., '"™ass Spectrometric Tetarainaticons of
/ ] L p

the Ratas I Zlamentary Reactions of NO and MOj; with Grouna State uss
tvas," J.2.8, Faraday I, 71, 21383 (1975).

139

‘él

) . e ! y g QN0
PO A M R PO o O ORI MO M MM AN M MO N W i A S YOO M MO ) SOOI OO OSSR T P A |
AT SR AT L A RIS K Kot ‘ ':!.*t!.‘ AOLICRAC NN MR M NN U '9’2‘0’?““’0_. NG OO A R AL S !

:gﬁg
i) !
[ ) R A T AN a",c 0% (3 by TR

5



e e
iﬂﬁ
O
l"
e
N
LA
W
S
§§\
WA
: Ih\ ~ = = N - 3 + -
ga\ 26. Slanger, T.3., "Generazion of Jo{(c'Z,7, C°r,, A°Iy") ZIrcm Oxyjsn Aten
‘ Recombination,” J. Chem. Phys. 33, 4779 (1878).
‘- 4
. 27. L.G. Piper, unpublished rasults (1378).
oy
(. *
P 28. 3aulch, D.L., Drysdalz, D.D., Horne, D.G., and Lloyd, A.C., Evaluatszsd
i 5. Kinetic Data Zor High Temperature Reactions. II. Homogenzous Gas Fhase
? Reactions ¢f the Hp-N--9,5 Systems. (Butterworths, London, 1973).
! o . ; .
‘5' 29. Piper, L.G., Murphy, H.C., and Rawlins, W.T., "Development of Cocnise UV
e Absorption System," AFGL-TR-81-0313 (1981).
W
Sty
a ; 30. Mitchell, A.C.G. and Zemansky, M.W,, "Resonance Radiation and Excitad
Atgoms, " Cambridge University Press, London U.K. (1971).
*
2
o : oy m - C s .
i j 21, Rawlins, W4.7. and Xaufzan, F., "Characteristics of O(I) and N(I)
:4 Resonanca Line Broadening in Low Prassure Helium Discharge Lanmps, " J.
:yj Quant. Spectrosc. Radiat. Transfar 18, 561 (1977).
|
A ~ - . . . b
g 32. Xaufman, F., and Parkes, D.A., "Sources of Error in Using Resonance Lijzht
koS Apbsorption to Measure Atomic Concentrations," Trans. Faraday Soc. 28,
e - - -
o 1379 (1970).
‘e
‘C
j“' 33, Tellinghuisen, J. and Clyne, M.A.A., "Role of Hyperfine Structurz ia
I: ' Atcmic Absorption: Oscillator Strengths in Br and I," J.C.S. Faracdey II
)
{ 72, 783 {1975).
2o
R b . N 3 k¢ 3 3 o™ r
Y . 34 Cilyne, M.A.A, and Piper, L.G., "Xinetic Spectroscopy in the Far Vacuuna
" - s - - -~ ; - a 22 e e
> Cntraviolst, ZFarta 3. Jscillator Strengtas for the 33, 45, and 535 “3-Ip-
Al h
.m. 3P2 Iransitions in Atomic Oxygen," J.C.S. Faraday II 72, 2178 (1376¢;.
) []
Sl
35, a2, Zlyne, M.A.A. and “cnkhouse, 7.8., "Ener3jy Transfer in Cecllisions oi
e Ar(3PO’2) Metastable Atoms with H(2S) Atoms. I. Total Rate Constant
" .
o and Mechanisa," Chem. Phys. 28, 447 (1978)
-t
0 L. Clyne, “.A.A., Heaven, 4.C., Bayes, X.D., and Monkhouse, P.B., "Znerj
@5 Transfer ia Collisions of Excitad Ar(3PQ,2) Metastadle Atoms with
+ 2 : : P -
® ‘H{*S) Atems. 1II. Lyman-q Emission Profile," Chem. Phys. 47, 173
{19380).
-
s o , o
%& <. Piper, L.%. and Cilyn2, M,A.A., "Determination of the Translational
ey Energy of o(3s3 S) Excited by the Tissociative Excitation of O; and NO
Oy by He*(2°3)," Chem. Phys. &3, 77 {i981).
. ’
,
.35 36. Donanue, T.M., Anderson, J.G., Rawlins, W.T., Kaufman, F., and Hudson,
‘W R.D., "Apollo-Suyuz 0(3p) and N(4s) Density Measurement by UV
I:Q . Spectroscery, " Geophys. Res. Lett. 4, 79 (1277).
)
! 37. Malins, R.J. and Zetzar, D.W., "Pate Constants, Branching Ratios, and
] Enerzy Disposal for NF(D,a,X) and dP(v) Formation for tne H+NTj
”~} 2eaction, "™ J. Pays. Chem. B85, 1342 (13s1).
o 22
LS
»
4
'
161
!
‘s
/.
’

ss\x -\..\s's--.vxa O N, . . , ] :
A’ N2 ‘ N WG ! .n. = ‘;ﬁ'::‘,l." o %SO G ey h e ‘t.‘:t“:l e,




e e A T N Sl S A el bR Sl dol lal Sad Sl Sl lal B b b i aNh a d gl ok acd ath aih gl oddafh abe oPih Aol RS- Ae - b At Jhh e R Ba o Buso Gh lon R o AA. st e sat o £a Aa Mo e e |

)
LSRN
N
.~.\
e
o2
YN
v
R 38, Lefzthus, A., and Xrupenie, P.H., "The Spectrua of Molecular Nizrcgen,”
( 3. Phys. Chea. Ref. Daza 3, 287 (1377).
LS
.%}: 39. ?ipger, L.G., Conahue, M.E., and Rawlins, W.T., "Rate Ccefiicients Zor
N N(“3) Reactions,” J. 2hys. Chem., submitted (1386).
AN
W ss s -~ - - v - . ; e s
e 40. Xoffend, J.3., Sardner, C.Z., and Heidner, R.F., "Kinetics of the H;-NF
t,z System," Aercspace Raport SD-TR-35-35 (1985).
[ et
"ﬂ._n:
‘#\{ 41, Burrows, M.D., Baughcunm, S$.L., and Oldenborg, R.C., "Cptically Puzped
‘Cj;: NC(a2s* » x27) Ultraviolet Laser," Appl. Phys. Lett. 456, 22 (1935).
B -
NES
Ry -
' 42, Hili, R.M., Gutcheck, R.A., Huestis, D.L., Mukherjee, D. and Lorents,
. D.C., "Studies of Z-beam Pumped Molecular Lasers," SRI Report No. MP71-32
\ﬁ under ARPA Contract No., NJIGG14-72-C-0478 (1974).
oo ) \ .
¥ 43, <Ciark, W.G. and Setser, D2.W., "Energy Transfer Reactions of No(A “I,7) V:
f&» Cuenching by Hydrogen Halides, Methyl Halides, and Relatad “olecules,"
‘ J. Phys. Chem. 84, 2225 (1330).
- 44, Young, R.A. and St. Jchn, G.A., "Experiments on N2(A3Zu‘). II.
! Excitation of NO," J. Chem. Phys. 48, 898 (1371).
o, -
o - - . - - 3.+
g 45. <Callear, A.3. and Wood, P.M., "Rates of Eneryy Transfer From Hp(A I,) t2
H = Various Molecules. Initial and Final Quantun States in the Transfer to
- NO X27 and Hy (6!55) and Vibrational Relaxation of Ny (A31}) (v = 1) in
~_$g in Heliunm," Irans. Faraday Soc. 67, 272 (1371),
AN .
jfa 46, Mandel, A, and Ewing, J.J., "Quenching of Nz(AJ:u+) by I3," J. Chen.
4,‘-;: Phys. 87, 3420 (1377).
o
:) 47. <Zreyer, J.W., Perner, 2. and Roy, C.R., "Rate Constants for the Juenching
e of Np(ads,", vy = 0-3) oy CO, COp, WHj, NO and Op," . Cheum. Phys. 5°,
:,::: 1164 (1974).
Y
&s' 49, Rawlins, wW.T., 2iper, L.G., Caledonia, G.E. and Green, B.D,, "COCHI3E
ég' Pesearch,"”" Physical Sciences Inc. Technical Report TR-232 (1381).
L r
‘{?g 50 Piper, L.G., Caledonia, G.E. and Kennealy, J.P., "Rate Constants for
ey Deactivation of Ny(A 37,% v'=0,1) by 0,," J. Chem. Phys. 74, 2883 (1931).
¥ ..l.
e - ) :
fr: 51, Piper, L.G., Caledonia, G.E. and Kennaly, J.P., "Rate Constants for
Deactivation of N,(a 3g,* v'=0,1) by 0," J. Chem. Phys. 75, 2847 (1381).
. L2
DX
{ﬁ: 52. Piper, L.G., "“The Excitation of o('s) in the Electronic Znerzyy Transfer
e Between N5(A 37,%) and 0," J. Chem. Phys. 77, 2373 (1982).
U0 -
e
X0
o
iX
l.
L}
Soa
G. 52
o) o2
[\
L 0¢ ™
o
o,
D b A YA e A g e o
l!‘-»Il.f'l'q.l.- l‘.ln‘l‘l’l’v U . ln,‘.a.l L) .Q » ‘l ety 3 0.. s

Aataterinahatytiody

. y D) L4
L L 'O. " X .‘...l.,'.: :.: .l.a (] {9 ,I'! W, ":‘I‘!..O:!..";“:.




and Rawlins, W.T., "Pevelopment of
Report," ITR-292 (November 1231),

Rawlins, W.CZ 1 : , "Effect of Excitation “echanisa cn
Linewidth Farametars o: ventional VUV Discharge Line Sourcss, " Prcc.
3oc. Photo. ZTpt. I 279, 58 (1981). Also prasentad at the
lechnical syzmposi of the Society of Photo-Optica
Instrumentaticn i wWashington, D.C. (April, 1981).

Xrech, R.H., Diebkold, G.J. and McFadden, D.L., "Kinetics of the O + I
Reaction: A Case of Lcw Reactivity of Elemental Fluorine," J. Am. Chen.
Soc. 99, 4805 (1977).

Krech, R.H., "ESR Discharge - Flow Kinetics: The O + F, Reaction,"
dasters dissertation, Dept. of Chem., Boston College, 1976.

"N

k, 5.J., <rech, R.ZI., McFadden, D.L. and MacLean, D.I.,
ow Kinetics: The d -~ ClF3 Reaction," J. Chem., Phys. 952,

Xaufman, M. ané Xoib, C.E., ™iolecular 3eam Analysis of the Reaction
Betwesan Atomic Fluorine and Carbon Tetrachloride," NR 092-5331, & (1571).

X

[}

Berg, #.C. ané Kleppner, 2J., "Storage Technigue for Atomic Hydrogen,"
Rev. Sci. Instrum, 32, 248 (13962).

PAP IS

A

Lewis, P.F. and Gresen, B.D., "Computation of Electronic Spectra of
Diatomic Molacules," PSI TR-413 (1984).

o 3

ALY

Setser, v Stedman, O.H., and Coxon, J.A., "Chemical Applicaticns of
4e*‘sta Arjocn Atom;. IV. Excitation and Relaxation of Triplet Szates
53, 1004 (1870).

-.,..
e
*

’

Ad
AN

"Chemical Applications of *etastabdle
for the Formation of YN;(A 3:"+) " Zhen,

u H

e 2002,

1@ T2,

and Setser, D.W., "Primary N,(3) Vloratlonal 315 ricutions
gxcitation-Transier Reactions Between ur( Py) or Ke(“Pa/ Atoas and
Chea. Phys., Lett. 382, 44 (1981).
Thomas, J.“. and Xaufman, F., "Production and Xinetics of Vq(A 3-u‘:
v<3}," Photochemistry Symposium, Harvard University, August (1984,

PR

&

Golde, M.F., "Vacuum 77V Emission by Electronically Excited N5: The
Ccllisicnal-Induced Vz(a 1Tg v=J) -~ No(a' 1z u_» v'=0) Transition," Chen.
Phys. Lett. 31, 2348 (1375),

%o

'.".’
x

J.B+ and Kaufman, F., "Vibrational FRelax
CH4 and Cr¥y, " Chem. Phys. Lett. 1uz, 30 i

P

- - > - e
TP e oy

(3%, LA Y " () . ( A ‘ .
.“'.‘ “‘\.. |“‘ ‘.\ .‘:'.“l‘!‘&‘!‘n‘t‘v‘!‘l“!'\‘!\n‘,':ﬁ, L m'.‘n‘!'n&'«‘. l"nk'th‘\’.\‘!.nl a?, \’ ‘s‘ n‘"o"' n.“ "‘p"‘o"‘n‘ "\'u’.‘n' oL M NN g :"al (X ) :h!'- N }



.l. '. ..

e

70.

71.

72,

73.

77.

78.

AT Y R MRS W w = s "
T N AR T R S T T . 'd"tf‘.t. R R

. and Nicholls, R.w., "Intensity Measura2ments on

ezinscn, O tha 32
3econd Negative, CO nngs:rom and Third Positive an NC -~ and 2 Molacular
3and Systams," 2roceadings of the Physical Society LXXI, 957 (1333},

Xeck, J5.C., Allen, R.A. and Taylor, R.L., "Electronic Transition
ir Molesules,”" J. Juant. Spectrosc. Radiat., Transier 3, 233

ling, M.J. and Samith, I.w.M., Trans. Faradeay 5cc. 3¢,

[

Calla2ar, A.3., 21
2997 (1309).

Sudert, H., "Population and Predissociation of Vibronic Statas of Nitric
Cxide," J. Chem. Phys. 5o, 1113 (1972),

srzozowski, J., Erman, P. and Lyyra, ™., "Predisscciation Rate d
Perturbaticns of the A, 8, B', C, D and F States in NC Studied Jsinz Time

R230lvad Spectroscopy,” Physica 3cripta 14, 29C (1379),

Kuz'menko N.E. Kuznatsova L.A. Monyaxkin A.P. and Xuz
H » ) » ’
a

"Propabilitiss for Electronic Transitions of “Molecular Svsta
Hign-Teapearature Air Compcnents--II. The v and 3 Systexs ¢f NO and tihz
{4+) System of C0," J. Juant. Sgectrosc., Radiat., Transizar 2a, 212
(1980).

Poland, H.M. and Broida, H.P.,, "Fluorescence of tne v, & and 5 Syst=2as of
Nitric 9xide; Polarization and Use of Calculated Intensities £for
3pectrometer Calibration," J, Yuant. Spectrosc. Radiat. Transier 13,

1882 (1371).

eunenonme, 4., "Transition-itoment Variation in the ¢y System of NC",
J. Chem. ?Phys. 45, 4433 (1966).
Yumma, 4.J., '"™™olecular Branching-Ratio Method for Intensity Calitration
0 Cotical Zyst2as in the Vacuum Jltraviolet,” 5. Opt. Zcc. Anmer. fZ,

1453 (1872).,

‘4oalmann, 5.R., Van Sprang, H.A., Bloemen, E. and De Heer, F.J.,
"Ixperizental Determzination of the Electronic Transition :
NO(A 2Z* - X 97) Systsm. Lifetimes of the NO(A 2r, v'=3,1,2) Leveis,”
Chem., Phys. 32, 239 (1978).

McGee, T.5., Miller, G.E., Burris, J., Jr. and ¥clirath, T.J.,
"Fiucrescence 3ranching Ratios from the A 22*(v'=0) Stata of NO," J,
Zuant. Spectrosc., Radiat., Transfer 29, 333 (1383).

Navati, B3.S. and Korwar, V.M., "Electronic Transition “oment Yariation
€5r the A “T - X 23 Transition of the N0 Molecule," Physicza 1242, 421
[12384).

WSt

-.p"out‘!.




33.

(Vi)
&
.

35.

witt, G., ZTwe, 5, and wilhelzm, N. and "Focke%t-pcrne Heasurements I
Scattared 3anlizht in zne YMesophners," J. Atxzos. Tery. :=hys. 33, 12
(1276).

Sianger, 7.3., Bischel, W.X., Dver, M.J., "Nascent NO Vibraticnal
Jistribution Zrsm 2435 1 NO, Photcdissociation," J. Chem. Phys 72, I231
(1383).

Herm, ®R.R., Stullivan, 3.J. and Whitson, M.2., "Nitric Oxide Vibrational
Txcitation from the N(%3) + Oz Reaction," J. Chem. Phys. 79, 222
(1983).

Nicholls, R.W., "Franck-Condon Factors to High Vibrational 2Juantunm
Numbers IV: NO Band 3Systems," 5. Res. NBS 634, 535 (1204).

Albrizcton, D.L., Schmeltekopf, A.L.
Factors, " private communication via D.W.

and Zare, R.N., "DCiatomic Intensitgy
Setser (1985).

Zacharias, H., Halpern, J.B. and Welge, K.H., "Two-Photon Excitation of
NO(A ¢z*; v'=0,1,2,) and Radiation Lifetime and Quenching Measurezen:ts,"
Chen. Phys. Let. 43, 41 {1978).

3mith, A.J. and Read, F.H., "™easured Lifetimes of the A 2:5%, O 2cT 2pd
C 27 States of NO," J. Phys. B: Atom. Molec. Phys. 11, 3263 (1378),.
McDermid, I.5. and Laudenslager, J.B., '"Radiative Lifetimes and

Electronic Juenching Rats Constants for Single-Photon Excitad Rotational
ravels of WO (A 2g*, v’'=0)," J. Quant. Spectrosc. Radiat. Transfsr 27,
433 (1982).

Crosley, D.X., Zare, R.N., J. Chem. Phys. 49, 4231 (1963).

Brozozowski, J., Elander, N. and Erman, P., Phys. Scr. 9, 99 (1374).
Banoist D'Azy, O., Lopez-lelgado, R. and Tramer, A., Chen. Phys. 3, 327
{1373).

Zesser, J., J. Chem. Phys. 43, 2513 (19638).

3ubert, H. and Froken, F.W., Chen. Phys. Lett. 38, 242 (1371).

erman, K.R., 2Zare. R.N. and Crosley, D.R., J. Chem. Phys, 54, 4039
(1271},

Weinstock, £.4. and Zare, R.N,, "Lifetime Determination of the NJ A 2:*

State," J. Chem. Phys. 55, 3436-3452 (i1972).

Hasson, V., Farmer, A.J.D., Nicholls, R.W., and Anketell, J., "Applization
of Tispersion Technijues to Molecular Band Intensity Measurements II.
Osciliator Strangth of the (3,0) Band of NC-y(A 2: - X 21) Systea," J.
Phys. B: Atom. Molec. Phys., 5, 1243 (1972).




a
-

.7 ‘.’A:"_/q:’ 7

Y

S S AN

-

d ‘e -

-
b

I‘Fl"ll.l& ]

K<,

" - S
_li.}.'l;,l P

BAGHC

1.!@0.

H

93, “Farmer, A.J.Z., Hasson, V. and Nicholls, R.¥,, "Absoli:a Cscillat::q
Strangth Measurazents the (w"=0, v'=0-3) 2ands cf =he X “C - X *7)
v=3y3tem oL Nitric Cxiis," J. Juant. Spectrosc. Radiat, ITransiz=r 12, 3527
L1872).

96, Pery-Thorne, A, and Banfield, F.?P., J. Phys. 3: Atom. “olec. Phys. 3,
1311 (1978).

37. Wweker, 2. and Fenner 3.3., "Absoluta Intensities for tiie Ultraviclat
v-2ands of NG", J. Chem. Phys. 26 360 (1957).

98, Betnaxe, G.W. "Oscillator Strengths in the Far Jltraviolet. I. Nitric
Oxide", J. Chem, Phys. 31, 662 (1359).

99. Ferguson, E.Z., Fehsenf21d, F.C., and Schmeltekopf, A.L., "Flowing
Afterglow Measurements of Ion-Neutral Reactions," Advances in Atomicz
and Molecular EPhysics V, edited by D. R. Bates, New York, Acadedic °ress,
(1373).

100, 3olden, R.C., Hemsworth, R.S5., Shaw, M.J., and Twiddy, Ww.ZC.,
"™easurenents of Thermal-Znergzy Ion-Neutral Reaction Rata Coefficien
for Rare-Gas lIons," J. 2ays. B 3, 45 (1370).

101, FParragher, A.L., "Ion-Molecule Reaction Rate Studies in a Flowinz Aftar-
glow Systea," Trans. Faraday 3oc. %6, 1411 (1370).

102, Huggins, R.W. and Cahn, J.H., "Metastable Measurements in Flowing Heliun
Afterglow," J. Appl. Phys. 38, 180 (1967},

103, wWalker, R.E., "Chemical Reaction and Diffusion in a Catalytic Tucular
Reactor," 2Phys. Fluids 4, 1211 (1961).

104. Pcirier, R.V, and Carx, R.W., "The Use of Tubular Flcw Reactors for
¥inatic Studies Over Extended Pressure Ranges," J. Phys. Chem. 75, 13533
(1971).

105, Cher, M. and ZHollingswcrth, C.3., "Chemiluminescant Reactions of Txkcitad
Helium with Hitrogen and Oxygen," Adv. Chem. 3Ser. 30, 115 (1983).

106, Xoits, J.H. and Setser, D.W., "Decay Rates of Ar(d4s, 3?2), Ar(ds, 3?5)
KriZs, 392), and Xe(sds, 392) Atoms in Argon," J. Chem. Phys. 68, 4&43
(1973).

107. Shibuya, XK., Tmajo, T., Obi, X and Tanka, I., "Formaticn and juenching of
detastable NjA Zu in the Electronic Relaxation of 4O €27 and D2f* ia an
NC/Nj, Mixture, J. Phys. Chem. 88, 1457 (1984).

108. Shemansky, D.E., "Ny Vegard-¥aplan System in Absorption," J. Chem. Phys
Z1, €89 (13€2),

109. 3hemansky, C.Z,, and Carleton, N,P., "Lifetime of the N3 Vezari-xaglan
Syst2a”, J. Chem. Phys. 51, 682 (13969).

166

A
‘l“':“.. .

'i q't 4'6‘.' .l.|l".

ﬂ'

\ . A
"‘. ““'.>.A5..l' ) ."l ".N" k:"\:..ll '...n...ul u:'.

"

X " XN LN a,.'n "l W WA ..’:,. ""1, it ‘

tto*c
"C I “




113, Zarxlaton, N.F. and ITlienzery, ., "Lifetime of the Lowest Ixcital Leval
sI N-," J. Zhezo. Phys. 386, 3460 (1387).
ti11, Zyler, T.Z, znd Pigkin, T.M., "Lifetime Measureznents of the 3 4“: State
. OL N, Using Laser Ixcitation," J. Chem., Phys. 79, 3654 (1233). ~
112. Shexzansky, 2.Z. and Sroadfoot, A.L., "Excitation of N, and ¥;7 3ystaas by
Zlectrons-I ADsolute Tranaition Prorabilities," J. Cuant. 3pectrosc.
Radiat, Transiar 1, 1333 (1971).

113, Werner, H.J., Xalcher, J. and Reinsch, E.A., "Accurate a0 initic Calcula-
tions of Ragiative Transition Probabilitjes Between the A ’Zu°, I
8+32,7, and C 37, States of Np," J. Chem. Phys. &1, 2420 (1933).

—~

t)

""‘ :;ul -

114, Yeager, D.L. and McKoy, V., "Transition Moments Between ESxcited
Zlectronic States of Nz'," Chem. Phys. 67, 2473 (13977).

115. Weiner, 3. and Ohrn, 7., "A Note on the Radiative Lifetimes cf the 3
State of MNa," J. Chem. Phys. 80, 5866 (1934).

1156, Jeunehonme, M., "Transition Moment of the First Positive Band Systa2a of
Nitrogen," J. Chem. Phys. 45, 1805 (1966).

117. Carlson, T.A., Duric. N., Erman, P. and lLarsson, M., "Coilisicnal
Transfer to the 3 3tate in Np," Physica Scripta 19, 25 (1372).

113, Heidner, R.F., III, 3utton, D.G., and Suchard, S.N., "Kinetic Study of
. 3 . - .z -
N, (B M4, v) 2uenching by Laser-Induced Fluorescsnce," Chem. Phys. Lett.
37, 243 (1978).

N

113, 3roadfsot, A.L. and Maran, S.P., "Electronic Transition Mcment Sor zhe Na
egard-Kaplan Bands," J. Chem. Phys. 51, 678 (1969).

120, zZba=za, T., Anezaxi, Y., Fujii, M., Mikami, N., and Ito, 4.,
"Reotational Znergy Transfer in NO(A22+, v=0 and 1) Studied by ITwo~Color
Dcouble-Resonance Spectroscopy, " Chem. Phys. 84, 151 (13934).

121, Zeperasinska, I1,, Beswick, J.A. and Tramer, A., "A Distorted wave

-
Calculation for Zlectronic Znergzy Transfer in Molecular Collisions.
Application to Np(a 31,%) + Co(x 'f™) » Np(x 'zg*) - cd(a 31) systea,r
J. Chem, Phys. 71, 2477 (1379),

: 122, Golide, M.F. and Moyle, A.M., "Study of the Products of the Reactions of

%ﬁ: Nz(AJZu*): The Effect of Vibrational Energy in N3(Ad)," Chem. Phys. Lett,

j@ﬁ. 17, 375 (1985),

1A . {

o« 122, Stedman, D.H. and Setssr, D.W.,, "Energy Pooling by Triplet Nizrogen

.~y (a32,*) Molecules,” J. Chem. Phys. 50, 2256 (1969).

“‘ » »

fyﬁ 124, Hays, G.1., Tracy, SR cemonchy, A.R., and Oskam, H.J., "Production

W of Np(C27,) and No(<'°7,) by Mutual Collisions of NZ(A3:u+) Metastaplie
". Molacules, " Chea. Phys. Lett. 14, 352 (1372).

L3

AN

]!‘.'.

I:.: 167

NSO ONONONRIND D ' t &
PRI N MO0 MK MEIINS 3 YO I MW NN QOO0 % t OOTR DU RO N IO M0 N
O A A S S OSSO MNNG, 'x‘-*tt»‘J'.'al.‘u'.‘:‘.‘a’»"

4", o0 ")
ety e,



A T R AR A LT AR LUHLN LU T T T T TR AW T T AW R AR AT R AR R AT TR ARAETITAT R TR T E TR AT E TR O TR ETYRTTET R T E TR R T R W R S W e,

123.

132,

133.

133.

days, 3.N. and Cskam, H.J., "Population of Nj (3 ’ig) v Na 1A YT,
Zuriag ths Nitrogen afterglow,"” 5. Chem. Phys. 59, 1507 {i373).

days, G.N. and 2skam, H.J., "Reaction Rate Constant fc¢

N-{2 37y) ¢ ouaix Yoo, w0 > 0)," 5. Chem. Phys. 53, €388 !
NVadler, I
Infrare
Nitrzoge

Setser, D.W., and Rosenwaks, S., "Production of
e by the Energy Pooling Reactica of Nz{a~“I;7)
s," Chem. Phys. Lett. 72, 536 (1930).

S

Nadler, I., Rotem, A., and Rosenwaks, S., "Observation of New EZand
thae N, Herman Infrared System and Kinetic Study of its 7 :
Pulsed-Discharje Apparatus," Chem. Phys. 63, 375 (1332).

I. and Rosenwaks, S., "Studies of Ene
Stat2s of Ny, I. Energy Pooling by Vi
v) Molecules," J. Chem. Phys. 83, 32

Nad r,
.\ +

in Sle
(A 3“u,

r3
bra
N
o]

to
— (1

Piper, L.G., unpublished results (1980).

Sadeghi, N. and
4

etser, D.W., "Collisional Coupling of N3(3 g and
Ny(W3y,) States St -

udied by Laser-Induced Fiuorescencs," Chec. zhy

S
~
o
i)

77, 204 (1331).

, N. and Setser, D.W., "Collisional Coupling and Relaxatio
} and MNp(W2a,) Vibrational Levels in Ar and Ne," J. Chen.
0 (1383).

Rctem, A, and Rosenwaks, S., "laser-Induced Fluorescencs Studiaes
Molecular Nitrogen,” Optical Engineering, 22, 564 (1333).

Herman, R. "Nonvelle Transition Interdits de 1la Molecule Np," C.
Acad. Sci. (Paris) 233, 738 (13351).

. and Bayers, N.D., "The Band Spectrum of Nitrocsg
the Tripiet Systenms," Proc¢. Phys. Soc. (London) 5+

en
4

Pi2ita2r, D., "Spectral Cbservations on a Radio-Frejuency Excitad
Hitrogen Jet,” Can. J. Phys. 41, 1245 (1963).

Mahon-3zith, D. and Carroll, P.K., "Isotope Shifts and the Vi
Structure in Some Weaker Systems of N,," J. Chem. Phys., 41, 1

a. Michaels, H.H., in The Excitad State in Chemical Physics,
J.4., McSowan, ed., New York: Wiley, Vol. II, Ch., 3 (1981),

b, Michaels, H.H., private coammunication to S. Rosenwaks (1385,

I

in Ref. 129,

EERN]
u‘!“.!‘*t

s in

t‘
W

ot
(ad

n of
Phys.

2itad

BSOSO NAROSOE
MUY




W

ut
to

Gilmore, F.X., privata communization (19305).
Piper, L.G. and DeFaccio, M.A., "Zfuenching Rate Coefficients fer

Ma(a'lT,”)," J. Chea. Phys. submitted (1935).

Mitchell, X.3., "F.ucrsscence ZIfficiencies and Collisional Deacti
Rates for YN and N>~ 3ands Ixcited by Soft X Rays," J. Chem. Phys.
1795 (1370).

Shemansky, D.E., "A3Su* Molecules in the N, Afterglow," J. Chen. Phys.
64, 565 (197%8).

Gartner, .M. and Thrush, B.A., "Infrared Zaission by Active Hitrogen,
I, The Kinetic Behaviour of N2(3‘3Zu')," Proc. R. Soc. Lond. A, 349,

103 (1975).

Thrush, B.A,, "Infrared EZzission by Active Nitrogen

Ga . d r .
II. The Xinetic Benaviour of ﬁ2(3'3§g)," Proc. R. Soc. Lond. A, 346, 121
(1975).

Becker, X.H., Fink, E.d., Groth, W., Jud, W., and Kley, D., "Nj
Formation in the Lewis-Rayleigh Afterglow, " Discuss. Faracday Soc. 33, 355

(1372).

Dreyexr, J.W. and Perner, D., "The Deactivation cf N233ng, v=0-2 and
Nya'lz,”, v=0 by Nitrogen," Chea. Phys. Lett. 16, 163 (1372).

Rotem, A., Madler, I., and Rosenwaks, 5., "Direct Observation of
Cnllision Iaduced Transitions from N2(333g) to N2(3'3:u')," J. hem.
Phys. 76, 2109 (1982;.

R2otem, A.,, Nadler, I., and Rosenwaks, S., "lLaser-Induced Fluorascence
Studies of Zellisional Coupling of N2(533g) with Np(W34,) and
Nz(A3:u’)," Chea., Phys. Latt. 33, 281 (13931).

Yardley, J.T., Introduction to Molecular Zner3gy Transfer, Acadenmics
Press, New York, 1950,

Marinelli, w.J., Green, B.D., Piper, L.G., and Blumbery, W.A.4,,
"Nitrogen Tirst-Positive Excitation and gQuenching," Manuscript in
praparation,

Xrause, H.F., Fricke, J., and Fite, W.L,, "Excitation of Na D-Line in
Coliisions of 3odiua Atoms with Internally Excited Hp, Dy, and Np," J.
Chem., Phys. 56, 4593 (1372).

Rich, J.W., Zergman, PR.C and Raymonda, J.W., "Vibration-Vibration
o

*
Pumping of Zarocn “onoxide Initiatad by an Cptical Source," Apgcl. Phys.
Latt, 27, 363 (1375).




) Sl AL AN A A B AR S R e B B Al Tl e Bl el Bal Bad Sl diak Rab Aol el Rat Sav Jat v Se¥ jy’ Ra: S8' et Aar o bl  obh olh ol of A ot At adh e s AR A A R g g A A S Sh A a i B b _ |

N
A !
- .
s
3 f
G5
\J.'
.
..-\":.
N
f “ 133. S:arx, « "Excitaticn of Electronic Levels < Sodiux by Vizraticnally
. Excitaed Nitrogen," J. Chem. 2hys. 43, 73 (1203). f
L .\'
.t - . - -~ : . = ; (34
AL 154. PFiper, L.G. and Caledonia, G.E., "Long~-Lived States in Nitrogen
o, o - . - - : -~ = .
$;h . Afterglows", 38th Annual 3asecus Ilactronicss Conference, “onteray,
~ .- . ceh e ) -
S California(1385;. 3ull. Am. Phys. 3oc. 26, xxx(1966).
') - . . . . A -
s, 155, Caledonia, G.E,, Davis, S.J., Green, B.D., PFiper, L.G., Rawlins, %.Z.,
?:;: Simons, G.A., and Weyl, G.M., "Analysis of 4Metastable State Production
'\jﬂ and Energy Transfer," Physical Sciences Inc. Final Technical Rsport
AN TR-376, Prepared for AFVJAL uncder Contract No. F33615-835-C0-2333 (1239,
ol
1356, Moxgan, J.E., and Schiff, H.I., "The Study of Vibraticnally-Ixcited I
e Molecules with the Aid of an Isothermal Calcrimeter," Can. J. Chem. 17,
,ih: 903 (1382). i
et :
hTs |
v 157, *Hartecx, F. and Reeves, R.R., Jr., "Formation and Reactions of the :
\n - : -~ 4\-:—- Y ) - i - 3 - -~ - - H
;i*: Excited 02{A°I,7) Molecules," Discuss Faraday Soc. 37, £2 (13e4). |
|
CE 1338. <Chu, A.L., Resves, R.R., and Halstead, J.A., "Surface-Catalyzea
;},3 Formation of Zlectronically Excited Nitrogen Dioxids and Oxygen," J. !
-7~ Phys. Chem., 90, 46€ (1536).
syl
e 3
!ﬂiﬂ 159, [{enner, R.3. and Ogryzlo, E.A., "Quenching of 02(c12u") v=0 by &(°?),
p 02(3159), and Other Gases," Can, J. Chem. 61, 921 (1983).
- . . . - . .
o 160, Schmeltekorff, A,L., Ferguson, E,7., and Fensenfeld, F.C., "Aftergiow B
oy Studies of the Reactions He™ He(22%s), and 0% with Vibrationally-txcited
L No," J. Chen. Phys. 43 (1268).
l.-’-.-
) 161. Young, S£.J. and Horn, X,?., 'Measurement c¢f Temperaturas of
WLy Vicrationally-Ixcited Ny," Chem, Phys. 57, 4835 (1372,
i
) b}
'yﬁ' 162. Young. 5.J., "™easurement of Vibrational Ta2nperature >f 20 and N~ Jsing
I > the He(2°§) Penning-Ionization Technique," J. Chem. Fhys. 38, 1533
D (1973).
urﬂ 163, Piper, L.G,, Gundel, L., Velazco, J.E., and Setser, D.W., "Excitation
kaﬁ of Nitrogen and Carbon “Yonoxide Ionic Emissions by He(2°s), He™, and
b
o Hep*," J. Chem. Phys. 52, 3883 (1375).
A
-3ﬂ? 164, Caledonia, G.E. and Center, R.,E., "Vibrational Distrikbution Functions
T ia Anharaonic Cscillators," J. Chem. Phys. 55, 552 (1971).
R
X 165, Center, R,Z., and Caledonia, G.E., "Anharmonic Effects in the Vibrational
AL Relaxation of Diatoamic "olaculss in EZxpanding Flows," Appl. Opt. 10, -
:‘ " 1795 (1374).
‘a't‘n .. :
9., 166, JSolly, J., Touzeau, Y., and Ricard, A., "Detaraination of Non-3sl<zmann
Vi? 7ioraticnal Level Populations of Excited Nitrogen Using the Penninj-
" ; . -
ﬁ%“ Iznization Technique,™ J. Phys. B 14, 473 (13381).
‘o"ﬂ -_—
l":e‘
1"‘1’
NI 79
l‘.'l 17

; BB ONOAOAONON DGOSR ORON togh,: BROUOHEADAORIBDNON
‘-‘?‘t E%‘.'k‘.h‘!'o'!‘o'?'»‘?' .’.l‘:'ﬁ‘:"‘:'C.f'i.?'*"'ﬂ.:‘\'f‘l."l“'t.f'é' iy A1ttt " POOUY ‘.‘fh‘fi

WSO NOBOBONSUN DOAOBOSUSOBOBON
E '.h“,'-r'.‘a‘,"-.f' ‘?..\’..‘A‘?'R“'W.?'ﬂ‘.‘ ”f‘a"'u‘th‘?‘l"'o".’ ".'

(3 ¢ 8



T “"‘”"""Vwmmwmwr'“"""mmmM

167. ™Marinelli, #,5, and ?Piper, 1.G., "Franck-Condon Factors and Absc.ats
Transition Propadbilities for the IF (8330*-X1"’) Transition," J. juanzt.
v Sgectrosc. Radiat. Transfer 34, 321 (1985).

163, ©Dilonardo, ™, and Capitelli, M "Non~Eguilibrium Dissociaticn of
Nitrog=n," Rev., Phys. Appi. 13, 115 (1978).

1639, Treanor, C.Z., Rich, J.W., and Renn, R.G., "Vibrational Relaxaticn of
Anharmonic Osciilators with Exchange-Dominated Ceollisions," J. Chen.

Phys. 43, 1798 (13é3).

17C¢. Nichols, R.W., "Einstein A Coefficients, Oscillator Stran;tﬁs and
Absclute 3and Strengths for the N, Second Positive and Ny~ Fir
Negative 3Iystams," J. Atmos. Terrest. Phys. 25, 218 (i3963).

W
{1
[¢]
pa

roadisot, A.L,, "Resonance Scattaring by Nz*'," lanet. Sgac
3C1, (1957,

171, 3
i

172. Brown, W.,A. and LancshofZ, R. K., "The Electronic Transition “oment of
the No7 First Negative System,” J. Quant. Spectrosc. Radiat. Iransier
11, 1143 (1271).

173. Lee, L.C. and Judge, 2. L., "The =Zlectronic Transition oment of tae Nz*
(325, *»%%05%) systeam," 5. Phys. 3: 6, L121 (1973).

F., "The Optical Formation and *he Collisional

174, Comes, E.J. and 3Speier,
First Negative System of Nitrogen," Chem. Fhys.

Teactivation of tne
Lett. 4, 13 {1959).

. Chang, R.3.7., Setser, D.W., and Taylor, G.W., "Assignment of
Constants %to Exit Channels froa Quenching of He(23s) Metastabl
Chem. Phys. 25, 201 1378).

s
~J
wn

jA3)
[+Y)
1"

13
Ao oot
o
(]
o
n

172, GCottscho, R.A,, Field, R.W., Dick, K.A., and Benesch, Ww.,
-~
"Ceperturbation of the N7 First Negative Sroup B4I,” -xzzg*," <. Mcl.
Spec. XX, 435 (1979..

177. ?Piper, L.G., Cowles, L.M., and Rawlins, W#.T., "State-to-3tate
Txcitaticn of NO(A2:", v'=0,1,2) by Np(A3g,*, v'=0,1,2)," J. Chen.
Phys. 35, 3363 (1386).

178. Inn, E=.C.Y., "Charze Transfer 3etween He* and No," Planet., Space 3ci.,
15, 19 (1967).

171/172




e a X A A R W/ T

. END

PO —

i
-

-
-

N
h'
X
|)
&

» . - . B B Wy
."""'r'-' R P E AT PRI N ERTCRR LA,
n:' :’.‘ o .q:'. .‘ ﬁ:’l’*\ 5 Aﬁ q N * ﬁ “‘ .‘\ ‘\ \ ) ‘. .'. ..::';:::"\:0.::::4:#"3
Piae 0) (. "\$ L") "f ‘ # . %ﬁi\‘?ﬁ‘:‘;u— \_13;
28 ',L,h'?uf.h'f\! ',h,q iy WAL l :‘ s l e\ . > . " . ." .“ DAY \'. Ao '!\"‘.'. 8 “\"‘. N \..‘ ." s g

K




